



Today, sand has been used effectively and popularly in many countries for many 
types of structures against rockfall hazards. To design a protective structure with the 
ideal of performance-based design, it is necessary to evaluate the limitation capacity of 
structure as well as get insight into structural response. Experimental approach in 
cooperation with numerical simulation has been assumed the most economic and 
promising method. According to these points of view, this research performs three sub-
studies concerning structural response of rockfall structures and sand cushioning layer. 
The first sub-study, as shown in Chapter 3, successfully uses FE code of LS-DYNA 
to reproduce impacts on sand tank and sand cell and investigate the effects of material 
parameters and boundary conditions on dynamic behaviors. The results of parametric 
study using this numerical model indicate that geometrical parameters of sand such as 
the shear modulus G, bulk modulus K, angle of internal friction φ, and relationship of 
pressure versus volumetric strain are very important for numerical model of sand. 
Boundary conditions surrounding sand–cell strongly affect impact characteristics, e.g. 
impact force, transmitted force, weight displacement, and impulse by impact. 
With the aims of testing the reactions of sand cushioning layer on steel rockfall gal-
leries, the second sub-research of Chapter 4 concerns series of impact experiment on 
sand tank over steel H-beams. The results demonstrate that the energy absorbing 
effective of gravel cushion is higher than that of sand cushion. On the other hand, the 
transmitted force (Pt) at the bottom of sand tank and two equivalent forces (Ps, Pd) are 
evidently affected by the length of beam span L. Typically, this research presents the 
relationships between the dynamic multiplication factor (DMF) and energy transfer rate 
(ETR) and ratio of Ta/T according to exponential functions. These relationships were 
expressed through two equations by using nonlinear regression analysis. 
Chapter 5 in this study shows the content of the third sub-research, dealing with 
simulation of the dynamic reaction of flexible rockfall fence with and without covered 
sand–packs by using FE approach. The validated models of the fences, then, are gone 
through many applicable investigations. The results of numerical study on fence with 
and without sand–packs clearly show the effects of sand–packs on structural impact 
response, e.g. displacements, impact forces, impulses by impact, reaction forces, cable 
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stresses, and deflections of the posts. The achieved results reveal that the sand–packs 
may not reduce much the impact forces, but evidently redistribute impact force on cable 
net and reduce tensile stresses of net cables. In other words, the role of sand–packs in 
this study is also the same as cushioning layer of rockfall walls and galleries rather than 
braking devices of the normal flexible fence. Arrangement of sand–packs and diagonal 
cables under the net are also affected to structure response, especially impact forces, 
impulses by impact and displacements of the weight and fence. 
The research does not deal with limited capacities of structure and mass, dimen-
sions, and shape as well as effect of impact position of the weight on fence. Range size 
of sand particle also one of among limitations of research. In the future, the author will 
solve above-mentioned limitations as well as propose some applicants of practical 
equations concerning DFM and ETR and numerical models of sand cell with walls, 
galleries and fences. In the overall, although some limitations are remained, this re-
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 Introduction Chapter 1 
1.1 Rockfall and objectives to be impacted 
Rockfall is a technical term, used to describe a rock fragments falling from its posi-
tion on mountainous slope or cliff. Occurred rockfall generally continues movement in 
its propagation by falling, jumping and rolling on the slope until it is prevented by 
topography or artificial structures. The definition of rockfall first presented by Ladd 
(1935): “Rockfalls are precipitated loosened rock groups, or individual bounders, 
initially from faces of cuts, or from nearly or remove cliffs and rock outcrops, which 
present vertical or steeply sloped face. They are distinguished from landslides by being 
distinctly extreme surface-phenomenon; solid rock; usually very small in volume; and 
consisting, generally, of individual rather than massed units. The repeated fall of rock 
fragments and shale particles (dribble) from cliffs or approximately vertical faces must 
be included in this class of superficial earth-movement. Such material, accumulated, 
forms what is known as talus”. 
 
Figure 1.1 Rockfall event at Nui Cam Mountain, An Giang province, Vietnam on June, 6th 2012. 
Taken from Nguyen Thoai Trung 
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The causes inducing rockfalls are separated into two groups as internal and external 
influences. The internal influences indicate insight properties of rock and ground such 
as rock strength, discontinuities and ground water (TRB, 2012). The external influences 
are conditions that change the forces acting on a rock (Pantelidis, 2009) such as the 
influences of rainfall, snowmelt, seepage, channeled, water runoff, weathering, erosion, 
freeze-thaw and heating-cooling cycles, free roots, wind, disturbance by animals, and 
earthquakes (TRB, 2012). The human activities could be included as the external 
influences, for example: construction practices, blasting, vibration from equipment and 
trains, and stress relief due to excavation (Hoek, 2007). Now days, the climate changes 
caused by global warming and the frequent appearance of unusual earthquakes may 
increase the potential external influences for rockfall events. 
The ricks, damages or accidents actively or passively caused by rockfalls could be 
considered as rockfall hazards. The fallen rock fragments or boulders during their 
runoffs accumulate the energy by increasing their velocities. Significant damages could 
be induced directly when the rocks with high velocities hit the objects, e.g. transporta-
tion and mining facilities, buildings, electric lines. Instead of posing such the damages, 
the fragments of the fallen rocks may cause accidents and crashes of vehicles and trains, 
traffic interruption and restoration expense. Populated areas, transportation infrastruc-
tures, and mining and power facilities are possible objectives to be subjected to 
rockfalls. Among these target objectives, transportation routes such as high ways and 
railways are especially vulnerable to rockfall, because they spread within long line and 
normally accompany with mountainous areas, where are sources of rockfall. For exam-
ple, on May 5, 2012 a rockfall hazard that occurred in Cam Mountain, An Giang 
province of Vietnam, killing six people in a car and destroying it as shown in Figure 1 
(Tienphong online, 2012). The traffic connecting to tourism area on the mountain was 
stopped for many days to cut and remove the large mass of rocks. 
1.2 Introduction of mitigation countermeasures  
As presented by Volkwein, A. and et. al. (2011), rockfall is a natural hazard that – 
compared to other hazards – usually impacts only small areas. However, the damage to 
the infrastructure or persons directly affected may be high with serious consequences. It 
is experienced as harmful event. To mitigate the effects of rockfall hazards, it is general-
3 
 
ly needed to prepare a good understanding and managing about risks as well as provide 
suitable active and passive protection solutions. Therefore, over decades, many re-
searches dealing with knowledge of rockfall causes as well as rockfall risks analysis, 
assessment, and management have been done by many researchers in various countries. 
Along with the improvement of rockfall hazard knowledge, monitoring technology and 
related instrumentation have been advanced. Description of the movement of a falling 
rock along a slope, namely trajectory of a rockfall, is important. This allows the descrip-
tion of existing hazard susceptibility or hazard assessment for a certain area, also 
providing information (velocities, impact height and affected area) for protection 
countermeasures (Volkwein, A. 2011). Therefore, many rockfall modeling methods 
have been developed dealing with spatial dimensions, reactions between rocks and the 
ground, terrains, and barrier effects of trees. For the protection area, single or a com-
pound protective countermeasure should be considered to apply. Such countermeasures 
are separated into active and passive groups. The approaches of active solutions are 
reinforcement the rock ground and cliffs (i.e. by anchoring, covering, grouting, drain-
age, and excavating and reshaping talus) or removal the potential rockfalls. Accepting 
occurrences of rockfalls, passive protection structures such as catchment areas, barriers, 
drapery systems, and rock sheds could be selected basing on site conditions, rockfall 
energy magnitudes, and economy conditions. Such structures are designed with the 
principles of arresting rock by containing space (ditch), firm barriers (walls), or flexible 
configuration (fences) and deviating the rock (rock sheds). Among the countermeasures, 
this research mostly focused on passive structures using sand as cushioning material, 
namely galleries, walls, and fences. 
1.3 The purpose and content of research 
The effectiveness of rockfall protection structure, beside the stiffness of its configu-
ration, the energy absorbing element cannot be ignored. Sand is assumed as one of the 
most effective, economical and applicable materials for various kinds of structure. 
Gallery, embankment and wall are the most traditional rockfall protection structures 
using sand cushion layer. In recently years, several ideals have been proposed to apply 
sand for flexible rockfall protection fence. Nishita (2011) has conducted several exper-
imental studies following this approach. The early results of these studies are worth to 
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consider. However, discrete characteristics of sand, contrasting to the continuous 
characteristic of steel and concrete material of gallery, wall or fence is though as the 
most challenge for research dealing with sand cushion. Experimental approach is 
expected to provide reliable and persuasive results, but it is impossible to reach insight 
into structural response. By using finite element method (FEM), the aims of this re-
search are to improve the knowledge about impact behaviors of such rockfall protection 
structures using sand cushioning layer.  
In Chapter 2, recent researches and achievements concerning rockfall protection 
countermeasures, namely galleries, embankments as well as flexible fences are re-
viewed. 
Based on above knowledge, some applications of sand cushion are proposed and 
discussed. To obtain the above-mentioned targets, this study conducted three sub-
studies involving numerical modeling and experiment, namely (1) numerical modeling 
of impact on sand tank and sand-cell (Chapter 3); (2) impact experiment on sand tank 
over steel H-beams (Chapter 4); and (3) numerical modeling of impact on flexible fence 
with sand-packs cushion (Chapter 5). 
Finally, achievements, limitations and relevant future works of the research are 
concluded in Chapter 6. 
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 State of the art concerning Chapter 2 
rockfall protection measures 
2.1 Galleries 
 
Figure 2.1 Concrete rockfall gallery 
Rockfall protection gallery (also called rock shed) is mostly used for high steep 
slope and short and well defined hazard zone. It is assumed as the most reliable struc-
ture, properly based on its following advantages. (1) Gallery provides a high impact 
energy range, for instance it is estimated up to about 5,000 kJ with added energy 
dissipating supports (Vogel et al., 2009). (2) This type of rockfall protection structure 
enables to decrease risks from uncertainty in predicting rockfall trajectories. (3) It is 
generally estimated low frequent maintenance cost after impact by small or low energy 
rock. (4) It can provide multi-objective protection task from other natural hazards: snow 
avalanches, landslides, or debris (TRB, 2012). Although rockfall protection gallery has 
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shown much positive characteristics comparing with other rockfall protection measures, 
it is no doubt that this type of protective structure just has been used moderately in some 
developed countries such as Japan and Switzerland. High initial construction costs are 
the most reason limiting the uses of gallery popularly over the World. However, life 
cycle cost of a gallery is considered relative low for the long life range as like general 
bridges. 
 
Figure 2.2 Steel rockfall gallery 
 
Figure 2.3 Rockfall protection galleries: a) Concrete slab type and b) shell type (Vogel et al., 2009) 
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Rockfall protection gallery configuration involves protective proof with cushioning 
layer and firm supporting structures. Concerning the material used, it could be classified 
into concrete (Figure 2.1), steel (Figure 2.2), or concrete-steel composite galleries. The 
most common type of gallery for large energy range is reinforced concrete structure. 
The stiffness of main members of concrete gallery is large, especially pre-stressed 
concrete structure, therefore, an effective cushioning layer is necessary for rockfall 
actions. By contrast, steel gallery, which has large flexibility, requires small cushioning 
layer. Accordingly, steel gallery is generally designed for multi-purpose in small impact 
energy range such as snow avalanche, small land-slide and small rockfall event. Con-
crete-steel composite gallery has the potential to mobilize the advantages of two above 
types of gallery, however it is still expensive recently. With regards to geometry, 
rockfall protection gallery can be categorized as a slab supported by columns or walls 
(Figure 2.3 a) or a shell (Figure 2.3 b) (Schellenberg et al., 2009). The shell structure 
generally has larger bearing capacity than the flat slab, because a portion of impact load 
is transmitted by compression in the arch (TRB, 2012). However, the complications of 
structure design and difficulties in construction may limit the application of this gallery 
type. By contrast, slab roof gallery is assumed the most common type because of its 
wide range of capacity, ease in design and suitability for various types of protective site. 
 
Figure 2.4 Different types of cushion element; a) direct using sand; b) TLAS (Ikeda et al., 1999); c) 




There are many types of cushion layers, which have been proposed for rockfall pro-
tection galleries, such as direct using sand (Figure 2.4 a), three layered absorbing system 
(Figure 2.4b, Nakano et al., 1995 and Ikeda et al., 1999), fence box structure with 
cellular glass material (Figure 2.4 c) (Schellenberg et al., 2008), and multi-layer sand-
wich structure (Figure 2.4 d) (Lorent et al., 2008). The absorbing effectiveness of 
cushion is concretely shown in three types of cushion except the type using only sand. 
However, the type of cushion using only sand has been applied widely, because of 
economical reasons and ease of supply at construction site. For example, in Japan, the 
thickness 0.9 m of sand cushion layer has been adopted as a standard value. 
For the sake of improving understanding about impact behaviors of rockfall protec-
tion gallery and providing the tool for performance-based design approach, recently 
many researches concerning experiment and simulation on galleries subjected to rock-
fall impact load have been conducted and presented. Many researches have focused on 
providing the method to evaluation impact load (both value and loading area) (Ishikawa 
et al., 1999 and Sonoda et al., 1999). Based on experiment results or assumption of 
material behavior or contact type, many empirical or analytical equations were proposed 
to evaluate impact force and transmitted force (Ishikawa et al., 1999; Sonoda et al., 
1999; and Schellenberg et al., 2009). Two recent decades, Switzerland and Japan have 
published and updated several guidelines related to designing rock fall galleries (Japan 
Road Association, 2000; ASTRA, 2008; SES 15, 2004; and SES 22, 2013). Now days, 
as results of rapid development of numerical approach, LS-DYNA, ADINA and 
ABAQUS dynamic FEM codes have been used to simulate full-scale or small-scale 
models of impact on galleries with or without sand cushions (Kishi et al., 2009; and 
Shikhow et al., 2012). The most advantages of these numerical approaches are to 
reproduce the dynamic behavior for various conditions, enable to obtain not only impact 
and transmitted forces but also internal stress-strain distributions of the structures. The 
dynamic information given by numerical approach is necessary for the performance-
base design of rockfall protection structures. 
2.2 Embankment for rockfall 
Embankment (also called wall) has been known as relatively high capacity ability 
with moderate construction cost. Materials used for embankments are various, for 
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example reinforced concrete, stone, soil or soil with geo-grid. Therefore, local materials 
can be utilized to avoid environmental effects and reduce construction costs. However, 
the cross sections of embankments are large, then they are thought suitable for the 
construction site with large area in front of the protective objects (Volkwein et al., 
2011). 
 
Figure 2.5 Different types of rockfall protection walls: a) geo-rock wall with sand cushion (Yoshida 
et al., 2002); b) geo-grid wall (Peila et al., 2002); and c) concrete wall (Lambert et al., 2011) 
Generally, one or several granular materials e.g. sand, gravel or stone are used to 
protect the mountainous sides of embankments (Figure 2.5). These materials are nor-
mally contained by geo-textile bags of steel cases, this solution is not only to form the 
shapes, but also to enhance the stable of structures. 
It is clear that the combination of main supporting structures and cushioning mate-
rials may results many types of rockfall protection embankments. Therefore, as 
mentioned by Volkwein et al. (2011), there are many questions remaining about struc-
tural responses of embankments in the relationship with impact energy, dynamic 
characteristics of materials and others. Nevertheless, some researches have been con-




Figure 6. Different types of rockfall 
protection walls: a) geo-rock wall 
with sand cushion (Yoshida 2002); b) 
geo-grid wall (Peila 2002); and c) 
concrete wall (Lambert 2011)
11 
 
approaches. For example, various kinds of experiment and numerical analysis by 
distinct element method had been done for concrete walls considering the effect of stone 
and sand materials contained in steel cases (Francois N. et al., 2007, Pichler et al., 
2005). Numerical and experimental studies on earth embankment with and without 
damping layers have been performed by Yoshida et al. (2002), Peila et al. (2002), 
Ronco et al. (2009), and Lambert et al. (2011). These researches have obtained some 
advances, especially in experiments and numerical modeling for geo-wall without 
cushioning layers. However, accurate numerical analysis methods dealing with geo-
walls and concrete walls with damping layers of discrete materials are still not estab-
lished. 
2.3 Flexible fences 
Flexible fence systems normally consist from some components, namely intercep-
tive net, supporters (posts and wire ropes), connectors (bolts and additional ropes), and 
energy absorbing devices. All such components of the fences are made from steel and 
other metal materials, which are required to have high durability and capacity. Combin-
ing these components could induce many types of fence with wide range of energy 
retention capacity, e.g. arch fence, wire netting fence, wire ring net fence and pocket 
fence. Each type of fences is generally corresponding to one energy level of rockfall and 
suitable for the type of topography of protected site.  
Concerning initial construction cost, it is generally considered that rockfall protec-
tion fences are more economical than other countermeasures in the same working range, 
e.g. rockfall galleries and concrete walls. It is thought that they give relative low effect 
to landscapes and environment. Generally, they can be quickly installed requiring little 
equipment even at the difficult topography (Volkwein et al., 2011). Due to above-
mentioned advantages of flexible fences, it is no doubt that these protective systems 
have been applied more commonly against rockfall hazards now days. 
The flexible fences have also shown several limitations. Short working life is one 
of the most disadvantages; it is estimated about 25 years (EOTA, 2008), depending on 
environmental conditions and maintenance conditions. Typically, the running state of 
the fences is strongly affected by various natural factors. For example, the bearing 
capacity of the fence may not reach to the design level after a small impact of a rockfall 
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or even a tree fall or being covered by snow avalanches, debris flows or landslides 
(Volkwein et al., 2011). Therefore, it is required a high annual maintenance fee to 
monitor, replace the components to be impacted, and remove the covered landslide or 
debris. The principle of flexible fences to stop and catch the rock is based on the large 
plastic deformations of energy absorbing systems or friction connectors. Accordingly, it 
is noticed to keep a safe distance from downstream face of the fence to the objective to 
be protected. 
Over past decades, flexible fences against rockfall hazard have gained remarkable 
attention from researchers and manufacturers. Actual designs of them have also changed 
dramatically because of increased testing, innovation, and market demand. At the 
beginning, the fence was simple and applied mostly for snow avalanches, rockfall 
protection tasks were exposed after that, during its working life for snow avalanche 
protection purpose (TRB, 2012). With the time, fence configurations have been devel-
oped, thus many types of fences have been proposed, tested and applied, gaining large 
step of capacity increasing. 
The experimental studies were achieved very small capacity (about 50 kJ) accord-
ing to the idea of how to stop falling rocks efficiently in the early 1990s (Duffy et al., 
1992). Recently, the retention capacities of the flexible fences could reach to around 
5000 kJ. In the development process, the testing method and design of the fences have 
been also changed and improved significantly due to the advances of measuring method 
and technology. For example, recently field experiments can obtain very detail results 
such as the histories impact force, transmitted forces at the supporting points, reaction 
of each cable rope or supplement devices as well as translation and rotation acceleration 
and displacement of the weight. The testing fence kits are also installed consistently 
with various experiment site and equipment condition, e.g. vertical fences subjected to 
horizontal impact (Nishita et al., 2011), inclined fences subjected to impact of the 
weight guided by cable rope, slope or coulisse (Peila et al., 1998, Tran et al., 2012, 
Dhakal et al., 2011) and horizontal fences subjected to vertical drop weight (Nishita et 
al., 2011, Gottardi et al., 2010). With the aim of testing the application of sand cushion 
for flexible fence, Nishita et al. (2011) presented his research through series of impact 
experiment on fence covered by many sand-packs on the surface. 
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At the beginning, analytical and numerical modeling researches concerned and ob-
tained remarkable results later than experimental researches did. A corresponding 
numerical simulation enables a more efficient development or optimization of new 
types due to a reduced number of expensive prototype field tests. In addition, the use of 
software allows the simulation of designed barriers by considering special load cases 
that cannot be reproduced in field tests (high-speed rockfall, post/rope strikes, etc.), as 
well as special geometrical boundary conditions for individual topographical situations 
or the influence of structural changes on barrier performance (Volkwein et al., 2011). 
Numerical tools have been either self-developed code (Sonoda et al., 2011) or commer-
cial program (Dhakal et al., 2011) basing on discrete element (Bertrand et al., 2012) or 
finite element method (Cazzani et al., 2002). Researches by numerical approach have 
achieved a significant step for modeling many types of flexible fence. However, re-
searches concerning the fences with sand-pack cushion or fence covered by landslide 
mass subjected to impact by rockfall have never conducted so far. 
2.4 Conclusion 
Achievements from researches on rockfall protection structures have contributed 
effectively to develop and enhance their retention capacities and to improve the under-
standing structural response characteristics. However, some limitations of numerical 
studies on sand as well as other discrete materials acting as cushioning layer in rockfall 
protection structures can be seen clearly. 
Sand used directly for cushioning layers in full-scale galleries has been somehow 
successfully reproduced in several researches. However, sand filled in containers such 
as cases, bag considering together with the response of galleries or wall has been 
insufficient. Now days, these types of sand cushion (sand-cell) have been used widely 
based on the aims of improving the absorbing abilities or enhancing the stabilities. 
Moreover, impact response characteristics of steel structures with sand cushioning 
layers have not been attended sufficiently. 
Approaches for simulating rockfall protection fence have been verified and ob-
tained remarkable achievements. With the limitations of simulating sand cushion as 
discussed above, simulation of fence with sand cushion could be a challenge and should 
be studied much more. 
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Finally, according the content of performance-based design, a numerical tool ena-
ble to simulate rockfall protection countermeasures such as galleries, walls, and fences 
will be very useful and serviceable for engineers and researchers. 
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 Numerical modeling of impact on Chapter 3 
sand tank and sand cell 
3.1 Introduction 
Rockfall is a natural disaster that frequently occurs in mountainous areas. Roads, 
railways, electricity lines, power stations, other infrastructure, and especially human 
lives are often subjected to hazards due to rockfall (Vogel et al., 2009). Many counter-
measures have been proposed and applied to mitigate the risk of rockfall disasters, such 
as walls (Figure 3.1), embankments, and galleries (Matsuo et al., 1999; 2002). These 
protection structures, which include a cushioning layer, are well-known positive 
measures, providing solutions for high-energy impact from rockfall. Recently, various 
new technologies concerning rockfall hazards have been studied and advanced world-
wide.  
 
Figure 3.1 Rockfall protection wall with a sand cushion 
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Sand is a natural discrete material that is used as a cushioning layer for many types 
of rockfall hazard protection structures, especially embankments, concrete walls, and 
galleries. Sand can be installed in close contact with structures directly, or through 
containers like geotextile bags or cages, known as sand cells. Many studies have recent-
ly examined the effect of a sand cushion versus the shock impact of a rockfall. 
Satisfactory results have been achieved through small-scale and full-scale models using 
experiments and numerical simulations. A small-scale experimental study of an impact 
in a sand tank was performed by Masuya et al. (2009) to develop a performance-based 
design. A sand layer has also been used as an absorption component on the top of a 
gallery in full-scale experiments (Yoshida et al., 1998; Konno et al., 2009; and Bhatti et 
al., 2011). Fundamental static compression experiments have been performed to inves-
tigate the mechanical behavior and strength of geocells filled with sand and other types 
of material (Wesseloo et al., 2009 and Lambert et al., 2011a). A series of dynamic 
impact tests for a low-impact energy range were conducted by Lambert et al. (2009) on 
geocells filled with crushed quarry limestone, sand, and a mixture of sand and scrapped 
tires using three difference boundary conditions. To further study the performance of 
cellular material, experiments using a rockfall structure with a geocell cushion were also 
conducted and assessed at various scales by Nicot et al. (2007) and Lambert et al. 
(2011b). But although experimental approaches have achieved many positive results, 
these studies have been costly, time-consuming, and inflexible. 
A dependable numerical approach for dynamic analyses of protective structures 
with sand cushions is being advanced by many researchers. Sonoda et al. (1999) pro-
posed a simplified finite element method (FEM) based on an assumption of one-
dimensional stress wave propagation to estimate the stress distribution. The discrete 
element method (DEM) is another promising approach to investigate the impact re-
sponse of discontinuous structures, such as sand or sand-cell cushions. Several studies 
using DEM have evaluated the impact phenomenon of sand or other granular soils 
acting as a cushioning layer in a gallery or embankment (Masuya et al., 2002; Calvetti 
et al., 2005; and Bourrier et al., 2011). The approach of modeling one geocell by a 
sphere was presented by Bertrand et al. (2006). Dynamic behavior analysis using FEM 
is one of the most effective methods to simulate continuous structures, whereas DEM 
seems to be suitable for sand used as granular material. 
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It is difficult to determine the dy-
namic behavior of structures with sand 
cushions using FEM because of the 
complex characteristics of the sand, 
which acts as a discrete material. Even 
if a combined FEM and DEM analysis 
is conducted (Breugnot et al., 2010), 
reproduction of the complex behavior 
is not straightforward because of the 
interactions between the structure and 
the sand cushion (Masuya et al., 2002) 
as well as the large number of particles. 
However, a geocell filled with sand is 
often used instead of sand because of 
its high ability to absorb impact energy 
and its ease of handling on a construc-
tion site. In the future, it is expected that sand cells will be utilized more for various 
protection measures. Thus, the FEM code LS-DYNA, which has a reasonable material 
model for sand, could be expected to overcome the modeling obstacles. A successful 
analysis of protection systems, including cushioning materials, by FEM will contribute 
to the development of new protection measures. 
The objectives of this study were to use FEM to reproduce the main phenomena of 
the impact behavior of sand cushions subjected to rockfall and to analyze the effects of 
the important parameters. The approach described in this study is expected to be suita-
ble for general protective structures that make use of a sand cushion. To achieve these 
aims, the investigation examined impacts in a sand tank and on a sand cell. The sand 
tank tests consisted of direct collisions of a weight on a sand layer acting as cushioning 
element for galleries designed to protect from rockfall. The sand cell tests consisted of 
impact experiments on sand-filled containers generally used in walls or embankments. 
These tests are described in detail in the next section. A range of sand material charac-
teristics were taken into account in the investigation to evaluate the most suitable sand 









validated by comparing its results to experimental data. Finally, the validated numerical 
model was utilized for a parametric study.  
 
Figure 3.3 Particle size accumulation curve of sand 
 
Figure 3.4 Experimental strain versus pressure 
3.2 Prior experimental studies of impacts on sand 
3.2.1 Sand tank experiment 
The apparatus for the sand tank impact experiment (Masuya et al., 2009) consisted 
of a falling weight, a sand tank, a steel frame, and guide rails, as shown in Figure 3.2. 
The weight was a 204-kg, 0.5-m-diameter cylinder consisting of a steel shell filled with 


































































above the sand. The tank was made from steel and had inside dimensions of 
1.1 × 1.1 m. The sand was loose, with a cumulative particle-size distribution as given in 
Figure 3.3. The sand density was 16,020 kg/m3, and the angle of internal friction was 
32.5º. The depth of the sand in the tank was 50 cm. A firm frame structure was erected 
above the tank to hang the guide rails. The frame and rails were used to locate the 
position of impact and control the vertical falling direction of the weight. The impact 
force was calculated by multiplying the measured acceleration by the mass of the 
weight. The pressure measured by 36 load cells was used to calculate the transmitted 
force; these load cells were installed in the bottom quarter of the tank. 
Figure 3.5 Schematic view of the sand cell experiment: (a) free deformation (FD) condition, (b) 





























To provide supplementary information for the numerical study, a single-element 
stress–strain test was conducted using sand. The results of this test are shown in Fig-
ure 3.4. The experimental curve was obtained from an odometer test using a rigid 
cylinder 20 cm in height and 10 cm in diameter. This volumetric strain was expressed in 
terms of the natural logarithm of the relative volume, V/V0, where V is the volume and 
V0 is the initial volume. 
3.2.2 Sand-filled geocell experiment  
Figure 3.5 shows a schematic diagram of the impact experiment using a geocell 
filled with sand, referred to as a sand cell (Lambert et al., 2009). The experimental 
apparatus included a falling weight, a sand cell, and a concrete block (basement). The 
weight was a 260-kg sphere, 54 cm in diameter, made from a steel shell filled with 
concrete. The impact was produced by dropping a free weight from a height (h) of 
5.3 m, measured from the bottom of the weight to the surface of the sand cell before 
impact. The sand cell was 0.5 × 0.5 × 0.5 m, including the sand fill, bag, and cage. 
Hostun sand was used, with a size distribution ranging from 0.08 to 1 mm. The density 
of sand was 16.8 t/m3, and the internal friction angle was 32.5º. The cage consisted of a 
steel hexagonal mesh, 80 mm in height and 100 mm in width, associated with a geo-
textile bag that was used as an envelope (container). The sand cell was placed on the 
concrete block basement. The dimensions of the basement were 1.2 × 1.2 × 0.7 m. The 
acceleration of the weight was measured using an accelerometer installed at the center 
of the sphere, and the transmitted forces were measured by three load cells under the 
basement. The impact force was calculated by multiplying the measured acceleration by 
the mass of the sphere. Two numerical models were considered to examine the effect of 
boundary conditions on the behavior of the sand cell: (1) a sand cell with four lateral 
faces free to deform, referred to as the free deformation (FD) condition (Figure 3.5 a) 
and (2) a sand cell surrounded by sand, referred to as the material confinement (MC) 
condition (Figure 3.5 b). An impact on the sand cell modeled with the MC condition 
was assumed to reproduce the behavior of a sand cell surrounded by other sand cells. 
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3.3 Modeling by finite element 
method  
3.3.1 Finite element model 
The sand tank in Figure 3.2 was simu-
lated by FEM as shown in Figure 3.6, 
including the cylindrical weight, sand fill, 
and tank. The weight and sand were discre-
tized by eight-node solid elements, and the 
tank was discretized by four-node shell 
elements. The inside dimensions of the tank 
were 1.1 × 1.1 m, and the thickness of the 
tank walls were 0.05 m. In total, 1,525 solid elements and 473 shell elements were used. 
 
Figure 3.7 FEM model of the geocell: (a) free deformation (FD) condition, (b) material confinement 
(MC) condition 
Figure 3.7 illustrates the numerical sand cell model, which included the falling 
















Figure 3.6 FEM model of the sand tank 
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behavior was assumed to be small, and therefore this element was neglected to simplify 
the model. Only the geotextile bag was kept to act as an envelope for the sand cell. The 
weight, sand block, and concrete basement were simulated by eight-node elements, 
while the textile bag was simulated by four-node shell elements. The dimensions of all 
parts of the numerical model were the same as those of the experimental model. The 
numerical simulation of the impact on the sand cell required one of two lateral boundary 
conditions: FD or MC, as shown in Figure 3.7 a and b. Sand cells under the FD and MC 
conditions were modeled by 2,595 solid elements and 600 shell elements and by 14,250 
solid elements and 600 shell elements, respectively. 
Table 3.1 Mechanical properties of sand for the sand tank analysis 
























Scale factor of 
stress–
volumetric 
strain a (refer 
to fig. 3.9) 
Elastic parametric study 
E1 
1602 0.47 
2.56 × 103 5.05 × 104 
32.50 1 1 
E2 1.28 × 104 2.53 × 104 
E3 2.56 × 104 5.05 × 105 
E4 1.28 × 105 2.53 × 106 
E5 2.56 × 105 5.05 × 106 
Mohr–Coulomb parametric study 
A1 







Volumetric strain versus stress study 
V1 






Bold characters in the table indicate the selected parameters 
3.3.2 Constitutive model used in the simulations 
LS-DYNA offers various constitutive models for a wide range of material behav-
iors (LST, 2011). The sand was the most important part of our models. Therefore, the 
“Soil and Crushable Foam with Failure” material model was used, which was expected 
to reproduce the impact behavior of sand. Wang et al. (2006, 2009) also used this model 
to simulate the attenuation effect of expanded polystyrene (EPS) geo-foam for various 
material parameters. This model was first presented by Krieg (1972) based on the 
Drucker–Prager yield criterion. The Drucker–Prager yield criterion has the form 
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kJI  21         3.1 
where I1 is the first invariant of the Cauchy stress tensor, and J2 is the second invar-
iant of the deviatoric part of the Cauchy stress tensor. The constants  and k are 
determined by experiments. In LS-DYNA, I1 = 3p, where p is the pressure p. J2 is 
expressed as follows: 
   2212 3 kpkIJ      
      222 69 kkpp   .           3.2 
Figure 3.8 Volumetric strain versus pressure curve of soil and crushable foam 
Because the Drucker–Prager yield surface is a smooth version of the Mohr–
Coulomb yield surface, it can be expressed in terms of the cohesion (C) and the angle of 
internal friction (φ) that are used to describe the Mohr–Coulomb yield surface. If we 
assume that the Drucker–Prager yield surface circumscribes the Mohr–Coulomb yield 















k .    3.3 
Hence, the following equations give the necessary parameters for the LS-DYNA 
FEM code: 
2
0 ka   ;     ka 61  ;       
2
2 9a .       3.4 












The bulk unloading modulus is
used if the volumetric crushing
option is on
















Figure 3.8 presents the constitutive law of LS-DYNA’s 
“MAT_SOIL_AND_FOAM” model and two options for loading and unloading the 
volumetric strain relationships (LST, 2011). 
The required input characteristics of sand for the numerical model include the den-
sity ρ, Poisson ratio μ, shear modulus G, bulk modulus K, friction parameters φ and C, 
and stress–volumetric strain relationships. The density ρ was measured directly. The 
Poisson ratio μ and cohesion C were assumed based on known characteristics of sand, 
and the other characteristics were evaluated through the parametric study described in 
Section 3.4. 
 
Figure 3.9 Study strain versus pressure relationship 
An elastic linear material model was adopted to model the material behavior of the 
tank, basement, and weight. The fabric material model, which is a variation of Layered 
Orthotropic Composite materials (LST, 2011) and is valid for three- and four-node 
membrane elements, was employed to describe the mechanical properties of the textile 
bag. 
3.4 Model calibration through a parametric study of the sand 
characteristics 
The input data for the sand material model required various parameters. However, 
these parameters were either unavailable or not easy to obtain from existing laboratory 
































through a numerical parametric study in which various sand parameters were varied, 
namely the elastic constants (shear modulus G and bulk modulus K), angles of internal 
friction φ, and stress–strain relationship. 
Three series of calculations were performed, based on the data shown in Table 3.1. 
Five sets of elastic constants (shear modulus G and bulk modulus K) and Mohr–
Coulomb constants (angle of internal friction φ) were chosen within the range of real 
sand characteristics. The shear modulus G and bulk modulus K were varied, but the 
Poison ratio ν was always kept constant. The curves for cases V1 to V5 of the stress–
strain relationship (Figure 3.9) were obtained by multiplying the experimental pressure 
(Figure 3.4) by the factor a shown in Table 3.1. The parameters were investigated 
separately; when one of the parameters was varied, the others were kept constant and 
equal to their mean values.  
3.4.1 Effect of the elastic constants 
Figure 3.10 shows the time histories of the impact force, transmitted force, and 
penetration depth into the sand for five sets of shear modulus G and bulk modulus K 
values. The impact forces rapidly increased at the instant of the collision and, after the 
first peak, exhibited a quasi-plateau at low values for all cases. With increasing elastic 
constants (shear modulus G and bulk modulus K), the first peak values of the impact 
forces increased from 204 to 266 kN, and the impact durations decreased by 33% from 
0.015 to 0.010 s. The transmitted forces appeared with time lags of 0.002 to  0.004 s 
after the impact forces, and their maximum values decreased monotonously. The 
maximum values of the transmitted forces increased from 156 to 244 kN. In contrast, 
the durations of the transmitted forces decreased from 0.011 to 0.0075 s with increasing 
shear modulus G and bulk modulus K. The final penetration depth for case E1 was 40 to 
50% larger than the values obtained for the other cases; the penetration depth decreased 
steadily with increasing elastic constants. It is thought that the increase in the bulk 
modulus K also increased the wave propagation velocity, which shortened the time lags 






Figure 3.10 Impact responses as functions of the elastic parameters (Series E): a) impact force; b) 

















































































Figure 3.11 Impact responses as functions of the Mohr–Coulomb parameters (Series A): a) impact 

















































































Figure 3.12 Impact responses as functions of the volumetric strain versus pressure relationship 
















































































3.4.2 Effect of the Mohr–Coulomb constants  
Figure 3.11 shows the time histories of the impact force, transmitted force, and 
penetration depth into the sand for five different angles of internal friction φ. With 
increasing φ, the durations of the impact and transmitted forces were reduced by 
0.002 s. There was no change in the maximum values of the impact forces. In contrast, 
the maximum values of the transmitted forces and the values of the second peaks of the 
impact forces increased by 50%. In particular, φ had a significant effect on the penetra-
tion depth and the rebound of the weight after impact, as shown in Figure 3.11 c; the 
higher the angle of internal friction φ was, the smaller the penetration depth and the 
larger the rebound became. This study also investigated the effects of the cohesion C on 
the impact behavior. However, in the range of cohesion C found for our sand material 
properties, these effects were insignificant, and thus are not presented here.  
3.4.3 Effect of the pressure versus volumetric strain relationship 
Figure 3.12 illustrates the effects of the pressure versus volumetric strain relation-
ship on the time histories of the impact force, transmitted force, and penetration depth. 
When the scale factor a was increased from 0.2 to 5, the histories of the impact forces, 
transmitted forces, and penetration depths tended to change rapidly by 150 to 180%. 
The durations of the impact and transmitted forces were reduced from 0.018 to 0.007 s 
and from 0.015 to 0.005 s, respectively. Furthermore, the final penetration depth 
dropped by 73%, from 0.031 m for case V1 to only 0.010 m for case V5. Thus, material 
stress–strain relationship is very important in our FEM material model for sand. 

























Scale factor of 
stress–
volumetric 
strain a (refer to 
Fig. 3.9) 
1680 0.35 2.08 × 104 6.27 × 105 32.50 1 1 
 
3.4.4 Conclusion 
After considering the effects of the sand parameters on the numerical results and 
comparing them with experimental data (presented in Section 3.5), the mechanical 
parameters of sand shown in bold in Table 3.1 were selected for the sand in the tank. 
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For the sand in the sand cell, the density was calculated from the size of the cell and its 
mass (supplied by the author), and the elastic constants (shear modulus G and bulk 
modulus K) were assumed based on the reference values of the sand in the tank. The 
Mohr–Coulomb constants (φ, C) and the stress–volumetric strain relationship were also 
based on the properties of the sand in the tank. The parameters of the sand in the cell are 
listed in Table 3.2. 

















FD5.3m_Exp. 90.0 128.0 52 28 2.99 3.52 
FD5.3m_FEM 88.7 140.2 58 31 3.09 4.37 
FEM/Exp. 0.99 1.10 1.12 1.11 1.03 1.24 
MC5.3m_Exp. 130.0 226.0 30 16 2.64 3.49 
MC5.3m_FEM 101.9 251.1 36 19 2.73 3.86 
FEM/Exp. 0.78 1.11 1.20 1.19 1.03 1.11 
3.5 Model validation 
3.5.1 Impact in the sand tank 
Figure 3.13 compares the numerical and experimental time histories of the impact 
force, transmitted force, and penetration depth. The input data for the simulation were 
the selected parameters indicated in Table 3.1. Although the impact force history from 
the simulation tended to increase and decrease more quickly than that from the experi-
ment, the shapes of the two impact force history curves were similar. The transmitted 
force histories had simple shapes. The maximum value of the impact force from the 
simulation was about 20% lower than that from the experiment. The final penetration 
depth of the weight into the sand from the simulation was 21 mm, compared with 
31 mm from the experiment. Although there was a gap between the experimental and 







Figure 3.13 Experimental and analytical impact response results: a) impact force; b) transmitted 






































































Figure 3.14 Time histories of the impact force 
 
Figure 3.15 Time histories of the transmitted force 
3.5.2 Impact on the sand cell 
Figures 3.14 to 16 compare the numerical and experimental (Lambert et al., 2009) 
results of the impact on the sand cell. These results are expressed in terms of the histo-
ries of the impact force, transmitted force, and penetration depth for the FD (free 
deformation) condition and MC (material confinement) condition. The simulated and 
experimental data were in good general agreement, as summarized in Table 3.3. A 
detailed comparison follows. 
Table 3.3 gives the primary results for the experiments and simulations with the 
two types of boundary conditions. There was good agreement between the maximum 
values of the impact forces maximF , transmitted forces 
max
trF , impact durations imT , 
penetration depth maxp , impulse from the impact force  dtFI imim , and transmitted 
force  dtFI trtr  between the simulations and experiments. The ratio of the simulated 
































































































Figure 3.16 Relationship between the impact force and penetration depth 
The maximum values of the impact forces from both the experiment and simulation 
for the FD condition were similar, as shown in Figure 3.14 a. The maximum impact 
force value from the simulation was 90 kN, which is slightly less than that from the 
experiment. The experimental force rapidly decreased to zero after its peak value, 
whereas the simulated force decreased more slowly. The shapes of the experimental and 
numerical impact forces for the MC condition were somewhat different in terms of the 
maximum values and duration, as presented in Figure 3.14 b.  
A good match existed between the experimental and simulated transmitted force 
histories, as shown in Figure 3.15. The maximum values of the simulated transmitted 
forces for both the FD and MC conditions were only 10 and 30 kN greater than the 
values from the experiments, respectively. For the FD condition, the duration of the 
transmitted force from the experiment was 5 ms longer than that from the simulation, 
whereas the values were almost equal for the MC condition. 
Figure 3.16 shows the relationship between the impact force and penetration depth 
into the sand cell for the simulations and experiments. The curves are similar in shape. 
Except for the impact force characteristics described above, the final penetration depths 
from the numerical analysis for the FD and MC conditions were 3 cm larger than the 
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Figure 3.17 Time histories of the impact force for various drop heights 
 
Figure 3.18 Time histories of the transmitted force for various drop heights 
3.6 Effect of drop height on the impact response of a sand cell 
The validation of the sand cell numerical model indicated good performance. 
Therefore, the model was applied further to investigate the impacts from four different 
drop heights to evaluate the impact phenomenon for different magnitudes of energy. 
The drop heights H were 3.0, 5.3, 7.5, and 10.0 m. The impact forces, transmitted 
forces, penetration depths, and impulses are shown in Figures 3.17 to 20. 
Figure 3.17 a) shows the histories of the impact forces for different drop heights for 
the FD condition. The histories have two clear peaks. With increasing drop height, the 
first peak values increased regularly; the second peak values also increased but tended 










































































































Figure 3.19 Relationships between the drop 
height, maximum impact force, and maximum 
transmitted 
 
Figure 3.20 Relationship between the drop 
height and maximum penetration depth 
 
Figure 3.17 b gives the impact force curves for the MC condition. The peak values 
changed significantly from 68 to 102 kN for heights of 3 and 5.3 m, respectively. The 
maximum values increased more slowly for the other drop heights. 
 
Figure 3.21 Relationships between the drop height and the impulse from the impact force and the 
transmitted force 
The time histories of the transmitted force for the FD and MC conditions are shown 
in Figure 3.18. They were similar in shape to the corresponding impact force histories 
shown in Figure 3.17. However, with increasing drop height, the maximum values 
clearly increased from 93 to 193 kN and from 157 to 360 kN for the FD and MC 
conditions, respectively. The time lag of the transmitted forces for the FD condition was 
























































































duration of the transmitted force for the FD condition was twice as long as that for the 
MC condition. 
Figure 3.19 shows the relationships between the maximum impact force, maximum 
transmitted force, and drop height. The transmitted forces were always higher than the 
impact forces. The impact force values for the MC condition were 3 to 5% greater than 
those for the FD condition, whereas the transmitted force values were 70 to 80% higher 
than those for the FD condition. In particular, each curve in this figure tended to ap-
proach a limiting value. 
Figure 3.20 shows the relationship between the drop height and the maximum pene-
tration depth for the two boundary conditions. The penetration depth increased with the 
drop height and was much greater for the FD condition than for the MC condition. As 
the drop height increased from 3 to 10 m, the maximum penetration depths for the FD 
and MC conditions also increase, from 26 to 40 cm and from 17 to 32 cm, respectively. 
The relationships between the drop height and the impulse from the impact force 
and transmitted force for both the FD and MC conditions are shown in Figure 3.21.  The 
impulse increased almost linearly with the drop height. The impulses were slightly 
larger than the initial momentums of the weight for both the FD and MC conditions. 
The rebound of the weight caused these differences. Observation of animations of the 
simulated results and analysis of the velocity, penetration depth, and contact force 
histories of the weight also confirmed this assessment. Impulses from the transmitted 
force were larger than those from the impact force for both the FD and MC conditions. 
Also, the impulses for the FD condition were slightly greater than those for the MC 
condition. This indicates that the rebound of the weight for the FD condition was larger. 
From the above discussion concerning the FD and MC conditions, it is clear that 
the maximum transmitted force for the MC condition was adequate to design a protec-
tion structure because it provided a safer estimate for impacts by rockfall. Also, building 
a wall using geocells spaced with gaps is difficult.  Thus, the MC condition is more 
realistic and more amenable to actual designs. 
3.7 Conclusion 
This paper presented a numerical approach utilizing the FEM code LS-DYNA to 
model the sand cushion of a protection structure subjected to rockfall impact. The 
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numerical model and its parameters were carefully considered through a parametric 
study and validation steps. The behavior of a sand cell depending on the drop height of 
a weight was then evaluated using the validated model. The final results obtained by 
this study can be summarized as follows. 
The characteristics of the sand used as a cushioning layer were investigated. The 
shear modulus G, bulk modulus K, angle of internal friction φ, and relationship of 
pressure versus volumetric strain of the sand were very important, as indicated by the 
results of the sand tank simulations. 
The FEM simulation (LS-DYNA) using the “MAT_SOIL_AND_FOAM” model 
could reproduce the impact in the sand tank and on the sand cells with sufficient accura-
cy for practical use. 
The impact behavior on the sand cell under the FD (free deformation) and MC (ma-
terial confinement) conditions indicated that the lateral boundary conditions had a 
significant effect on the results.  
The transmitted force for the MC condition was adequate to design a protection 
structure for a rockfall. The MC condition provided a safer estimate than the FD condi-
tion did. 
The advantages of this research have been described above. The effectiveness of 
this simulation method was confirmed for drop heights of less than 10 m using a weight 
with a mass of 260 kg. However, further investigation is necessary to study impacts 
over a larger energy range. 
This research contributes a better understanding of the influence of sand properties 
on impact behavior. The success of this research presents new possibilities concerning 
dynamic analysis by FEM of structures with a sand cushioning layer. The results of this 
study promote further investigations of impact issues using full-scale rockfall protection 
walls, galleries, and embankments with sand cells as the cushioning layer. 
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 Impact experiment on sand tank Chapter 4 
over steel H-beams 
4.1 Introduction 
 
Figure 4.1 Steel rockshed 
In general, rockfall protection structures are classified into nets, fences, shelves, 
walls, embankments, and rocksheds, etc. (JRA, 2000), (Vogel et al., 2000). Rockshed is 
one of the safe and prevalent protection structures adapted to large energy of the target 
rockfall. In Japan, many steel galleries have been constructed, mostly to against snow 
avalanches and land-slides. However, some of these galleries are solid and accompanied 
with the cushion layer on roof to mitigate even rockfall (Figure 4.1), so called steel 
rockshed. This cushion layer is used to buffer the impact force due to the rockfall. Sand 
has been mostly used as a typical cushion material in Japan. Sand and a bag in which 
sand is filled are also used as a protection shelf or protection embankment for the same 
purpose. However, risk has occurred sometimes at the protection structures with large 
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energy beyond initial estimation, even firm pre-stressed concrete rocksheds (Schellen-
berg et al., 2009), (Delhomme et al., 2005). 
Research of this shock absorbing material has been done for years (Masuya et al., 
2009). However, the evaluation method of impact behavior, the energy absorbing 
efficiency and the transmitted energy to the structure through the cushion have not been 
clarified satisfactory enough. Empirically, the sand cushion has a good shock absorbing 
efficiency. Therefore, the use of sand cushion material for protection structures, such as 
a rockshed, is considered rationally. 
When a protection structure is designed basing on the idea of a performance-based 
design, it is necessary to clarify the ultimate state of the protection structure, in which 
sand cushion is installed. It is also required to advance appropriate employment of 
cushion material for reparation and/or reinforcement purposes towards the existing 
structure. In this research, the series of impact experiments on H section steel beam with 
the sand cushion were conducted with the aim of obtaining the fundamental data about 
the impact action, facilitating designing a protection structure safely and rationally. This 
paper reports the knowledge acquired by investigating on the impact force, the absorb-
ing effect of sand cushions, and dynamic interaction between the structure and cushion. 
Two empirical equations expressing the relationship between oscillation characteristics 
of the structure and dynamic factor and energy transfer rate were also established and 
presented in the paper. 
 











4.2 Outline of experiment 
4.2.1 Method of experiment 
Figure 4.2 shows the free-fall type devices for impact experiment set up at the 
Structure Engineering laboratory of Kanazawa University. The sand tank filled up with 
sand cushion material was fixed to two H-beams with the angle steel beams and bolts in 
the center of the H-beams, which were simply supported and located in parallel. The 
inner size of the sand tank was 0.35 m wide, 0.35 m deep and 0.50 m high. 



















Sand 0.2 0.34 0.61 0.49 3.10 0.95 
Gravel 4.0  5.5 6.5 6.1 1.63 1.16 
 
 
Figure 4.3 Particle size accumulation curve 
The H-beams were H-100 × 100 × 6 × 8 (mm). The span lengths of beam were 
1.3 m, 1.8 m, 2.8 m, and 3.8 m. The weight was a steel cylinder with diameter of 
0.08 m, height of 0.185 m, and mass of 7.233 kg and the tip form was spherical. Re-
garding to laboratory conditions, for instance, containing tank and steel beam 
dimensions are small, loose sand and stone-crushed gravel with small particle sizes 
were used as two kinds of shock absorbing material. The characteristics of sand and 
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gravel and their grain size ranges were shown in Table 4.1 and Figure 4.3. These 
cushioning materials were laid (into the tank) layer by layer of 0.05 m with slight degree 
of compaction until the final thickness of 0.5 m. 
Table 4.2 List of impact experiments 
Cushion 
Span length of 
beam (m) 















Table 4.2 indicates the list of all experiments carried out. The falling heights of the 
weight were seven kinds respectively 0.5 m, 0.75 m, 1.0 m, 1.25 m, 1.5 m, 1.75 m, and 
2.0 m. For each case, the experiment was repeated three times. 
4.2.2 Measurement Items and Measurement Method 
Measurement devices include an accelerometer (Kyowa Electronic Instruments 
Co., Ltd., AS-100HA), load cell (Kyowa Electronic Instruments Co., Ltd., LUK-1TBS), 
laser displacement meter (Keyence Corporation, LB300), and strain gauge (Tokyo 
Sokki Kenkyujo Co.,Ltd., FLA-10-11-3-LT) as shown in Figure 4.4. 
Concretely, the accelerometer was installed at the center of the weight to measure 
its acceleration. The laser displacement meter was used to measure deflection of the 
steel beams. The transmitted force of sand tank to H beams was summed from four 
measured loads by the load cells placed between the tank bottom and the beams. The 
strain gauges mentioned above were stuck to measure axial direction strain at the top 
and bottom flange of the central section of H beams. 
Figure 4.5 describes the measurement system of this experiment. The output ob-
tained from each measuring instrument was measured at intervals of the sampling of 




Figure 4.4 Measure devices and dimensions 
 


































4.3 Results of experiment 
4.3.1 Dynamic behavior of impact experiment 
Figure 4.6 shows the time history of measured data in the case of using 1.8 m in 
span length, 2.0 m in falling height, and sand cushion. The acceleration of the falling 
weight reached the minus peak at approximately 0.01 s after having collision into the 
sand cushion and became zero at 0.02 s because of deceleration. The transmitted force 
under the sand tank appeared at 0.005 s, reached its peak at 0.016 s and became zero at 
0.025 s. The damped oscillation of the transmitted force was shown afterward. Strain 
and displacement appeared at 0.01 s, also reached their peaks at approximately 0.016 s 
and became zero at 0.025 s. The similar damped oscillations were presented afterward 







Figure 4.6 Time histories of measured data (Sand, 1.8 m in span length, 2.0 m in falling height): a) 
acceleration; b) transmitted force; c) strain; d) deflection 
Generally, the dynamic behavior of structure under hard impact load is complicat-
ed. The hard impact herein means that the magnitude of impulse force is large and 
duration of impact is very short. Meanwhile, it is also known that the response of 
structure under relatively soft impact load is mostly quasi-static. Those beams used in 


























































































due to the collision of the weight with the cushion is relatively smooth because of the 
shock absorbing effect of the cushion material. In that case, it can be assumed that the 
response of the beam was quasi-static. Figure 4.7 shows the deflection curve and the 
bending moment diagram of the simple beam under two static concentrated loads. 
Equivalent static forces can be determined according to the deflection and the strain 
resulted from bending moment under this assumption．  Hence, Ps and Pd are two 
















         4.2 
In these equations, εu and εl are the measured strains at upper and lower flanges of 
H-beam, d is measured deflection of the beam, E and I are Young’s modulus and 
moment of inertia of area, h is the height of H-section, and a and b are geometrical 
dimensions of the beams as shown in Figure 4.4 and 4.7. 
 
Figure 4.7 Bending moment diagram  M  and displacement curve  D  of the simple beam resulted 
from equivalent static forces Pd and Ps; a and b are distances from support to load cell and between 
two load cells respectively 
Figure 4.8 illustrates time histories of the impact force, transmitted force, and 
equivalent forces determined by strain and deflection for four cases, which are combina-
tions of two types of span length (1.8 m and 3.8 m) and two types of cushion material 
(sand and gravel). The falling height H was 2.0 m in any case. Impact force Pa was 
calculated by multiplying the measured acceleration by the weight mass and expressed 


















in positive value. In the case of using sand cushion and span length L = 1.8 m, the 
impact force Pa was smaller than the other forces. The maximum of force was upward 
in the order of the transmitted force Pt, the strain equivalent force Ps and the deflection 
equivalent force Pd. By contrast, the impact force Pa was larger than other forces for the 
case of sand cushion and the longest span length L = 3.8 m. The shape of the first wave 
of the transmitted force Pt was similar to the impact force Pa. However, after the first 
wave, the shape of Pt, Ps, and Pd were similar. This characteristic was not observed for 
the span length L = 1.8 m. Furthermore, comparing the results of impact on sand with 
two span lengths indicated that the short span length obtained smaller impact force, 
larger transmitted and equivalent forces, and shorter oscillation periods than those with 
long span length did. For the gravel, the similar tendencies were observed. 
 
Figure 4.8 Impact force, transmitted force and equivalent forces by strain and deflection: a) Sand 
(L = 1.8 m, H = 2.0 m); b) Sand (L = 3.8 m, H = 2.0 m); c) Gravel (L = 1.8 m, H = 2.0 m); d) Gravel 
(L = 3.8 m, H = 2.0 m) 
Maximum values of forces obtained by impact on gravel, however, were smaller 
than those values obtained by impact on sand. It becomes clear that the shock absorbing 
ability of the gravel was more efficient than that of the sand. The length of beam span 





















































































different from values of Pd to Ps and Pt, it is hereafter focused on the strain equivalent 
force only. 
The final penetration depths obtained by double integrating with respect to time 
varied correspondingly to type of cushioning material and falling height. For example, 
the penetration depth varied from 0.012 m to 0.031 m in the case of sand cushion, and 
from 0.052 m to 0.115 m in the case of gravel cushion in accordance with the change of 
falling height from 0.5 m to 2 m. Contribution of beam deflection on penetration of the 
weight was slight degree. With increase of falling height, i.e., higher level of impact 
energy, the increase of penetration depth is reasonable. Concerning the influence of 
types of cushioning material to the penetration depth by which gravel resulted much 
higher depth than sand could be attributed to the compaction density of material, which 
is higher for sand because of its wide range of particle size (contrasting to almost 
uniform particle size of gravel). 
 
Figure 4.9 Relationship between falling height and various maximum forces for sand: a) Falling 
height and impact force Pa; b) Falling height and transmitted force Pt; c) Falling height and 



























































































4.3.2 Maximum impact force 
Figure 4.9 shows the relationship between the falling height and various maximum 
impact forces for sand. In Figure 4.9 a), line graphs estimated by the design formula for 
the impact load due to rockfall are shown. The formula was drawn from the elastic 
contact theory and widely used in Japan. This design formula is expressed as the 
following equation 4.3. 
535232)(108.2 HmgP          4.3 
In this equation, m is the mass of a falling rock (ton), H is the height of a rockfall 




There is no significant difference in the impact force Pa with the change of span 
length L. A long time lag of the reactions of the beam, namely strain and displacement, 
could be a reason. For instance, from experimental results as shown in Figure 4.8 a), the 
impact force reached its peak at about 0.01 s, at that time, strain and deflection equiva-
lent forces took first five of their maximum values. The upper limit of the impact force 
was expressed as result of the equation 4.3 with =1000 kN/m2. Concerning the trans-
mitted force Pt and the equivalent force Ps, it is understood that the longer span length, 
the smaller force. The strain equivalent force Ps was slightly larger than the transmitted 
force Pt. 
Furthermore, Figure 4.10 shows the relationship between the falling height and var-
ious maximum impact forces for gravel. The maximum values of impact force Pa with 
gravel cushion varied also insignificantly with the difference span lengths L as observed 
in the case of sand. These values that distributed around the lower limitation of the 
impact force were expressed by equation (3) with  = 100 kN/m2. Except Ps was smaller 
than Pt, other features about Ps and Pt were also similar to those for sand cushion. 
4.3.3 Impulse by impact force 
Figure 4.11 presents impulse by impact for two kinds of cushion material with dif-
ferent falling heights and initial momentum. The impulse value resulted from 
integrating impact force with respect to time. In general, these impulse values varied in 
curves of quadratic function, the same as the relationship of the initial momentum and 
the falling height. Particularly, the impulse values by the impacts from the experiments 
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using sand cushion were much higher than that using gravel cushion and initial momen-
tum. Additionally, the impulses by impact on sand and gravel cushion tended to be 
independent on the beam span length. 
 
Figure 4.10 Relationship between falling height and various maximum forces for gravel: a) impact 
force Pa; b) transmitted force Pt; c) equivalent force Ps 
  
 




























































































































Figure 4.12 Falling height and dynamic multiplication factor (DMF): a) sand cushion; b) gravel 
cushion 
4.3.4 Dynamic multiplication and energy transfer 
It is generally required to rationally and safely estimate the impact load for the 
practical design of protection structure. Some experimental results and discussions are 
shown in this section concerning the dynamic multiplication and energy transfer from 
the falling weight to the beam. 
Figure 4.12 presents the results concerning the dynamic multiplication factor relat-
ed to different falling heights for sand and gravel respectively. The dynamic 






D            3.4 
In this equation, Rst is the response of the structure when the maximum dynamic 
force acts statically and Rdyn is the dynamic response of the structure. In this case, strain 
is represented for the response of structure. It is clear that there was no particular 
relationship between the falling height H and the dynamic multiplication factor DMF and 
this relation was mostly constant. In other words, DMF was independent from energy 
magnitude. However, the larger the span length L of the beam, the smaller the dynamic 
multiplication factor DMF. This is because the longer span beam had the longer first 
natural period T for mostly constant duration of impact force Ta. Furthermore, DMF of 









































Figure 4.13 Relationship between Ta/T and dynamic multiplication factor DMF (Ta: duration of 
impact force, T: the first natural period of beam) and its corresponding practical equation 
Figure 4.13 shows the relationship between Ta/T and dynamic multiplication factor 
DMF obtained by the experiments and practical equation. Whereas Ta/T is the ratio of 
duration of impact force and natural period of structure. It is clearly recognized that 
there is a logarithmic relationship between Ta/T and the dynamic multiplication factor 
DMF. Therefore, the equation of the relation between DMF and Ta/T obtained from 










D aMF        4.5 
In this equation,  is material effect factor, and respectively to be 1 and 0.79 ac-
cording to sand and gravel cushions. The correlation index, R
2
, of this equation is 0.93. 
As result of this equation, the line chart of sand cushion was steeper than that of gravel 
cushion. In other words, as above finding about characteristic of impact, the impact on 
structure using sand cushion was harder than that on structure using gravel cushion. 
Figure 4.14 shows the relationship between   and energy transfer rate (ETR) with 
two kinds of absorbing material. ETR is the proportion (percentage) of transferred 
energy from the potential energy of the weight  to the beam. It is evident that ETR 
declined as  became larger. ETR is greatly useful in designing structural components 
subjected to impact, such as roof, support beams, and columns of rockshed. Moreover, 
ETR can disclose the effectiveness of shock absorbing cushion. For instance, the case of 

















Sand:  = 1; Gravel:  = 0.79
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the equation of the relation between Ta/T and ETR is also presented with 0.83 of the 










ETR a      4.6 
In this equation,  is material effect factor and determined to be 1 and 0.69 corre-
sponding to sand and gravel respectively. The line graphs shown in Figure 4.14 are 
results of this equation. 
 
Figure 4.14 Relationship between Ta/T and of energy transfer rate (ETR) and its corresponding 
practical equation 
The results of DMF and ETR obtained from the equations as shown in Figure 4.13 
and 4.14 indicate that with the same Ta/T the larger grain size of cushioning material 
used, the smaller dynamic multiplication factor DMF and the larger energy transfer rate 
ETR as well. Furthermore, Figure 4.14 illustrates that if Ta/T was smaller than 0.5, ETR 
was similar with any types of cushioning material, i.e., independent from cushioning 
material, but rather depended on Ta/T. It is expected that further experimental results 
would give more general applicability range of equation 4.5 and 4.6. 
4.4 CONCLUSION 
In this chapter, series of impact experiments on H-section steel beam with sand 
cushion were conducted in order to obtain the fundamental data about the impact action. 




















Sand:  = 1; Gravel:  = 0.69
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1. The dynamic behaviors of steel H-beam with cushion under impact were con-
cretely shown including characteristic of the impact force. The concept and 
actual data concerning the equivalent forces were introduced and shown. 
2. With the increase of falling height H, the impact force Pa obtained by the accel-
eration of the weight colliding on sand cushion was constantly larger than that 
in the case of gravel cushion. 
3. The transmitted force at the bottom of cushion Pt and two kinds of equivalent 
force Ps and Pd were evidently affected by the span length L, falling height H 
and cushion material, the larger L and H the higher maximum force. Thus, the 
force in gravel cushion was smaller than that in sand cushion. 
4. Impulse by impact I had quadratic relationship with the falling height of the 
weight H for both sand and gravel cushion. 
5. The dynamic multiplication factor DMF had particular relationship with the nat-
ural period of the beam T and no relation with the falling height H. 
6. The rate of energy transferring to the beam from falling weight, ETR, was con-
cretely shown. It has been pointed out that the relationship between ETR and 
the natural period of the beam T should be considered. 
7. Two equations evaluating dynamic multiplication factor DMF and energy trans-
fer rate ETR were established and presented. This achievement offers an 
application for the similar impact protective structure with sand cushion.  
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 Numerical simulation of impact Chapter 5 
on rockfall protection fence 
5.1 Introduction 
Rockfall disasters sometimes occur in mountainous areas together with landslides 
or debris. Recently, many rockfall protective structural countermeasures including 
galleries, embankments, nets, and fences have been developed, tested, and applied 
against the ravages of rockfall hazards. Relative small scale landslide and debris mass 
covering on the mountainous side of the gallery and embankment seems to have a 
certain influence on the structure in service. However, it is generally thought that the 
covered mass on fence or net should be removed to avoid unexpected effects when a 
rockfall may occur successively. This idea could be true for the fence and net using 
energy absorbing devices because the death load caused by the covered mass weight 
remaining for a long time may affect the mechanical behavior of the devices. When 
there is no enough space between maintain slope and road at the site, the fence as one of 
structural countermeasures is constructed without energy absorbing devices as presented 
in Figure 5.1, the behavior, allowable state and limit state of the fence should be careful-
ly and thoroughly investigated for the accurate evaluation.  
Protective fence has been widely used (Volkwein at al., 2011) worldwide. There-
fore, it has drawn special concerns in many studies related). Many types of fence have 
been investigated both experimentally and analytically such as ring netting fences 
(Gentilini et al, 2012), cable wire fences (Tran et al., 2012), pocket-type nets (Dhakal et 
al., 2011), and cable netting fences (Cazzani et al., 2002 and Nishita et al., 2011). These 
fences involve either energy absorbing elements or additional upslope ropes.  
Studying on sand behaviors as cushioning layers in rockfall protection structures 
has been conducted widely with experiments (Masuya et al., 2009 and Kishi et al, 1993) 
and simulations (Ho et al., 2013). The use of sand–pack to induce the death load acting 
as landslides was first mentioned in Nishita et al. (2011) with a series of experiments, 
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and some remarkable notices were found in the study. Long time and high cost are 
required to verify the performance for various compositions of structure and boundary 
conditions, which should be considered. This issue prevents technical development and 
actual construction of protective structures. Numerical approach used in this study, 
which is expected one of the effective method to solve the limitations of the experi-
ments and gain significant insights into mechanical characteristics of structure. 
 
Figure 5.1 Rockfall protection fence 
As mentioned above, Nishita first presented his experimental studies on effects of 
sand–pack on impact phenomenon of the net and fence. At first, a cable netting fixed to 
a firm steel frame was subjected to a drop weight, the net was or was not covered by 
sand–packs. Impact force, impulse by impact, and reaction forces mobilized from the 
connections at the corners of the netting were obtained and those data were used to 
evaluate the effect of sand-pack (Nishita et al., 2011). Subsequently, full-scale models 
of fences were designed for a series of impact experiments to deal with varied impact 
energy magnitudes and mass of the covered sand–pack as well as failure of structure 
(Nishita, 2012). The fences used in this study had not any energy absorbing device. 
Therefore, steel post with high performance were utilized as the main supporting 
structure referring to the real structure as shown in Figure 5.1. The obtained results from 
this study provided an overall view of a rockfall collision on fence following a land-
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slide. However, the experimental studies seem hardly to reveal insights into structure 
responses.  
To obtain the achievement, the fence models which were simulated by LS-DYNA 
explicit finite element method (FEM) code underwent a careful validation. This numeri-
cal tool has been successfully used to reproduce the impact behaviors of sand and sand 
cell subjected to dynamic load of the drop weight by Ho et al., (2013). The validated 
models were used to investigate the mechanical behaviors of the fence corresponding to 
the change of the impact energy magnitude. The results indicated that sand–pack or 
landslide mass remarkably influences the mechanical characteristics of the fence 
bringing both advantages and disadvantages points. For the positive effects, the sand 
pack could be considered to be used for some practical applications. 
5.2 Outline of preceding experiments 
The experiments were conducted at the site located in Niigata, Japan. The aims of 
the achieved experiments were to test the performance of the new multi-purpose protec-
tion fence against rockfalls, landslides, and debris and to obtain insights into impact 
behavior of fence as well as to provide useful data for numerical approach. 
This type of fence is generally installed vertically to catch boulders and debris from 
mountainous side as shown in Figure 5.1. A large and suitable site area and many 
specific experimental tools are required to reproduce perfectly the dynamic behavior of 
a fence with horizontal impact. For the sake of simplicity and safety, series of experi-
ments were conducted using the fence installed horizontally. The fence was subjected to 
a vertical impact by a free falling weight. 
In this study, two types of impact experiments on rockfall protection fence, namely 
the fence excluding sand–pack cushion (FES) and the fence including sand–pack 
cushion (FIS) were conducted. Each type of fence was conducted with two different 
drop heights of 10 m and 7 m, corresponding to the energy magnitudes of 100 kJ and 70 
kJ respectively. 
5.2.1 Setup of the fence excluding sand–pack (FES) 
Figure 5.2 and Figure 5.4 show the drawings of the fence used for the experiment 
and the installation view. This fence with three 5 m–long–spans consisted of three 
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interceptive cable and hexagonal steel nets, four posts, a border cable system and a rigid 
frame. The cable and hexagonal steel nets were 5 m long and 4 m wide, installed within 
the interspace of the posts. The cable net was woven by impaling one 12 mm-diameter 
cable wire (FC6×24, denoted Cable A) through another  (denoted Cable B) to create a 
mesh with a square grid of 0.5 m in diagonal as shown in Figure 1 c). Steel wire ropes 
FC6x24 were specified by JIS 7301 corresponding to ISO 2408 (Steel wire ropes for 
general purposes−Characteristics). This weave type enabled the Cable B (parallel with 
diagonal of the net) to slide on the Cable A at the mesh joints. The cable net was one of 
main interceptive parts of fence system. The surface of cable net was covered by 
hexagonal steel net with 2.7 mm–diameter wire to disperse partly impact energy and 
arrest debris. 
 
Figure 5.2 Drawing of the fence excluding sand–packs (FES) 
The post was the unique structure to support cable net in this type of fence. There-
fore, it was designed as a high strength post which made from a 318.5 mm¬–diameter 
steel tube (thickness: 6 mm) and nineteen 60.5 mm–diameter steel tubes (thickness: 3.2 
mm) inside as shown in Figure 5.3. The grade of both steel tubes is STK400, which is 































one of grades of carbon steel tubes for general structure specified by JIS (JIS G 3444, 
2010). Space between outer tube and inner tubes was filled with mortar of which 
compressive strength was 76 MPa. These posts were numbered from No. 1 to No. 4, left 
to right. Each post was rigidly clamped at two positions on the top of concrete beams as 
shown in Figure 5.4. 
 
Figure 5.3 Cross-section of steel post. 
 
Figure 5.4 Full-scale fence installation: a) view of experiment; b) weight; and c) cable net 
Dynamic loads were transferred from the interceptive nets to the posts through a 
cable system installed along the sides of the nets, (hereinafter, it is called border cable). 
These cables consisted of two longitudinal ropes at the top and bottom of the fence and 
four cross ropes (parallel to the posts). The longitudinal rope was a double cable with a 
diameter of 2x22 mm (FC6x24) fixed at ends namely post No. 1 and No. 4. This rope 
was threaded through the rings attached to the middle posts (No. 2 and No. 3). This 
connection type had an advantage of supporting contribution from the side posts. The 















and bottom of the post. The border cables were connected to the nets by U shaped bolt 
connectors. 
The weight had a mass of 1 ton, made from a steel shell filled concrete with a po-
lygonal shape as shown in Figure 5.4b according to the European technical approval 
guidelines (ETAG 27, 2008). The maximum height of the weight block was 0.84 m. To 
enhance the stability of the structure, some longitudinal bracing members were used at 
the top and bottom of the fence and bottom of posts. 
To avoid any effects of contact between the kits of the fence and ground, the whole 
configuration was installed on two parallel concrete beams with a gap of 2.5 m. These 
beams were placed at the top of two rows of steel column to secure the space of 3 m 
between the fence and the ground. 
This fence did not possess any special energy absorbing devices and additional 
supporting cables. Therefore, the posts were the unique supporting structures of the 
fence. Impact energy was mostly dissipated based on deformation of the net, border 
cables, and posts as well as the friction sliding at connecting points. 
At the clamped supports of the post on concrete beams, load cells were installed to 
measure the reaction forces. The load cells, named UL, were placed under the posts to 
measure upward the reaction forces, while the load cells were placed on the upper side 
of the posts, named DL, to measure downward reaction forces, as shown in Figure 5.2. 
Four displacement meters were installed at the top of the posts to measure their vertical 
deflection. One advantage of vertical impact test is that the weight almost drops down 
without rotation. Therefore, an accelerometer was laid at the center of the weight to 
measure the vertical acceleration during impact. One crane with an electrical controlled 
device to release a weight was used to lift up the weight. Several cameras located in 
different positions were used to capture the images of the whole experiment phenome-
non. One of these cameras was high speed camera with the speed of 200 flames per 
second, placed on the front of the fence at a suitable level and distance to record the 
event clearly. 
5.2.2 Set–up of the fence including sand–pack (FIS) 
In the experiment of the fence including sand–pack (FIS), diagonal cable ropes with 
a diameter of 22 mm (FC6x24) were added to each span of the FES as described above 
and 14 sand–packs were arranged on the fence as shown in Figure 5.5. The added 
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diagonal cables were to avoid large net sag and concentration of sand–packs at the 
central position of the net. For this experiment, sand–pack filled with sand was utilized 
to reproduce the landslide or debris covered on the mountainous side of the fence. The 
sand–pack had about 1.1 × 1.1 × 1.1 m in dimensions and 15 kN in mass, including sand 
fill and geotextile bag. Six sand–packs, equally 90 kN, were placed on the middle span; 
and four packs, equally 60 kN, were used for each side span. 
 
Figure 5.5 Drawing of the fence including sand–packs (FIS) 










Outer tube 318.5 6 287 429 
Inner tube 60.5 3.2 373 465 
 
Figure 5.6 Design drawing of bending test for post (unit: millimeter) 
5.2.3 Experiment implementation 
Some component tests such as bending strength test for post, tensional strength 
tests for cables, and tensional tests for geotextile bags were conducted before the actual 
full-scale test. The tested post with the characteristic as described above had 6-m-long, 
No.1 No.2 No.3 No.4
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subjected to a static bending load by an oil jack at center point. The details of this test 
are presented in Figure 5.6 and its result is shown in Figure 5.7, expressing the relation-
ship between bending moment and curvature. Two 0.5-m-long cable ropes with 
different diameters used for the experiment as listed in the Table 5.1 were taken for the 
tensional tests. The results of these tests are presented in Figure 5.8. The mechanical 
characteristics of geotextile bags were also obtained through a tensional test on a sample 
with 4 cm wide. The results are shown in the Figure 5.9. 
 
Figure 5.7 Bending test result of post and its cross section 
 
Figure 5.8 Tensional test results on cables 
The drop height was 10 m for the FES experiment and 7 m for the FIS experiment. 
For the sake of simplicity, hereinafter they are called FES_10 and FIS_7 respectively. 
Impact positions were the center point of the middle span. The drop heights were 
determined from the lowest point on the weight to the contact point on fence. The 






























































displacement of the top of the post. The impact force denoted by Fim was calculated by 
multiplying the measured deceleration of the weight by its mass,. The reaction forces 
denoted by Fre_UL and Fre_DL, were measured directly by the load cells. Reaction 
bending moments at UL supports were calculated by multiplying the reaction force 
Fre_DL by the distance between two supports. Displacement of each post was measured 
directly by the displacement meter while penetration of the weight on fence, denoted p, 
was integrated from deceleration. 
 
Figure 5.9 Tensional test results on geotextile 
5.3 Numerical model approach 
5.3.1 Setup of fence configurations and weight in numerical analysis 
The numerical models in this study were idealized to simulate full-scale protection 
fences. Therefore, all components of the fences (e.g., posts, cable nets, border cables, 
bracing members, diagonal cables and sand–packs and weight) were simulated as the 
same geometrical dimensions as experimental models of FES_10 and FIS_7. Hexagonal 
nets as described in the experiment were neglected due to their low dynamic role. 
Instead of setting up the fence on the firm frame structure (made from reinforced 
concrete and steel), numerical fence was fixed at support points, hence this frame 
structure of experiment was also neglected. In order to shorten the computation time, 























was placed close to the fence with an initial velocity. In this case, the initial drop heights 
were converted to the initial velocities v0 and the remains of drop height. 
5.3.2 Finite element model 
The cable net fence is composed of flexible wires and rigid steel posts by many 
contact types. It has been generally thought difficult to simulate the behavior with 
sufficient accuracy because of its complexity of structure. This difficulty could be 
increased more when the fence was accompanied by granular materials such as sand or 
sand–pack. However, the finite element method of LS-DYNA code has become to be 
considered one of practical and proper approaches to simulate the fence with sand–pack. 
Because this commercial code offers various linear and non-linear material models, 
element and contact types for implicit and explicit dynamic analysis and it gives various 
possibilities for application Actually, T. S. Ho et al. (2011) has successfully validated 
material models used for sand and geotextile. 
Table 5.2 Geometrical dimension of kits of fence 









Net cable FC6×24 12 - 6.91×e
-5
 
Border cable FC6×24 2×22 - 3.36×e
-4
 
Diagonal cable FC6×24 22 - 1.68×e
-4
 
Hexagonal netting - 2.7 - - 





Geotextile - - 0.5 - 
 
Figure 5.10 presents numerical model of FES_10 and FIS_7 while Table 5.3 lists 
the main parameter for numerical simulation. The posts were equivalently modeled by 
Belytschko-Schwer beam elements (LST, 2011), while cable net and border cable were 
simulated by discrete beam elements. Geometrical parameters are shown in Table 5.2. 
Four-node solid tetrahedron elements and eight-node solid hexahedron elements were 
used to simulate the weight and sand, and four-node shell elements were used for 
geotextile bags. Each bracing member was simply adopted by a truss beam element with 
its cross section area Atr = 0.0102 m
2
. The FES_7 model was comprised of 4,097 nodes, 
4,070 beam elements and 81 solid elements. On the other hand, the FIS_10 model was 
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comprised of 28,410 nodes, 4,190 beam elements, 3,080 shell elements and 17,581 solid 
elements. 
 
Figure 5.10 Finite element models: a) fence excluding sand–packs (FES_10); b) fence including 
sand–packs (FIS_7) 
 
Figure 5.11 Stress versus strain relationship of sand and the test schematic 
5.3.3 Constitutive law of material and contact types 
The suitable material models used for each component of the fence were considered 
based on their characteristics and existing data obtained from material tests and relevant 
research results. Therefore, nonlinear elastic model of so called Mat_166 based on the 
relationship of bending moment as a function of curvature were used for the post as 
shown in Figure 5.7. The nonlinear elastic model of called Mat_71 was employed for 



































strain obtained from tensional tests as shown in Figure 5.8. The “Soil and Crushable 
Foam with Failure” model of called Mat_14 applying the Drucker–Prager yield criterion 
was used for sand fills. The precision and the verification of validity of the analysis 
using this model were shown by T. S. Ho, et al. (2011) Figure 5.11 presents the pressure 
versus volumetric strain relationship for the used sand and schematic drawing of test. 
The other used properties of sand were the density (ρ = 1333 kg/m3), shear modulus (G 
= 1.54× 107 kN/m
2
), bulk modulus (K = 3.03 × 108 kN/m
2
), internal friction angle (φ = 
32.5 degree) and cohesion (C = 1 kN/m
2
). The weight, braces, and bags were composed 
of linear elastic materials with their material parameters as shown in Table 5.3. For the 
weight and braces, representative modulus of concrete and steel were used. The modu-
lus of bag E = 12 × 105 N/m was approximately determined by equation (1) considering 
the result of tensile test shown in Figure 7. The geotextile was treated as a perfect elastic 









E o  N/m     5.1 
Where: Eo is determined as shown in the Figure 5.9; w = 0.04 m is the width of test-
ing sample; and t = 0.0005 m is the thickness of geotextile. 
Table 5.3 Main material parameters used for numerical analysis 
Components 










Post 7,850 Δ - 
Net cable 7,850 Δ - 
Border cable 7,850 Δ - 










Δ: refers to experimental data as shown in the figures 
The protection fence consisted of various components, which interact to each other 
to transfer impact wave and dissipate energy. It is no doubt that precise reproduction of 
the contact behaviors between components might be a significant. The interactions used 
in the models are divided into 4 following groups: (1) Fixed joint contact (assigned for 
fastened-joint at cable wire ends and clamped support at post foots); (2) 
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Node_to_surface contact (between weight and nodal points of the cable); (3) Guid-
ed_cable contact (at mesh joints and connections between the net cable and border 
cable); and (4) Surface_to_surface contact (assigned for reaction between sand and bag 
and between weight and sand–pack). The penalty method was used to simply and 
efficiently reproduce friction for the contacts as mentioned above, except for the fixed 
joint contact. The coefficients of friction were considered for each type of contact 
according to the used material and contacting surface properties through sensitive 
analyses. The details of this procedure are not presented here for the sake of simplicity. 
5.3.4 Numerical analysis 
The initial static sags of net and border cables subjected to their self-weight were 
evaluated by trial calculation dealing with offset length for cable elements until numeri-
cal sag equals to experimental sag. The cable fence is a flexible structure, which could 
vibrate due to even a small transient load. Therefore, the certain duration was spent to 
calculate the initial state of structure with the increase of gravity until structure became 
stable state and to achieve expected initial sag. In addition, the different mass damping 
factors were considered for separate components and they varied in time corresponding 
to running stage of structure e.g., gravitational loading, before, during, and after lunch-
ing. The sensitivity analyses for damping are also not presented here for brevity. 
5.4 Numerical model validation 
The numerical models according to the description as presented above were vali-
dated through the comparison between numerical results and the results obtained from 
the experiment. The fence models of FES_10 and FIS_7 were respectively subjected to 
impact of the weight from the drop heights of 10 m and 7 m. The results involve the 
whole deformation of fence (Figure 5.12 and 5.13), the time history of displacement of 
the weight (Figures 5.14 and 5.15), the time histories of impact force and impulse by the 
impact force (Figures 5.16 and 5.17. Typical response values for FES_10 and FIS_7 are 
also summarized in Table 5.4. The agreement between numerical and experimental 
results is valuated as follows. 
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5.4.1 Displacement of the fence and weight 
Figures 5.12 and 5.13 compare experimental and numerical whole deformation of 
the fence of FES_10 and FIS_7 through actual video images and simulated animation 
images captured during collision. It can be observed that the response of whole defor-
mation of fence obtained from numerical simulation is almost similar to the response of 
experiment in both two cases. 
 
Figure 5.12 Displacement of FES_10 model from experiment and simulation corresponding to three 
different timepoints during collision 
 
Figure 5.13 Displacement of FIS_7 model from experiment and simulation corresponding to three 
different timepoints during collision 
Figures 5.14 and 5.15 illustrate the time histories of displacement of the weight ob-
tained from both experiment and simulation respectively for FES_10 and FIS_7. It is 
clear that the results of numerical analysis and experiment are minor differences. 
t= 0.02 s t= 0.14 s t= 0.22 s




Figure 5.14 Experimental and numerical 
weight displacement from FES_10 model 
 
Figure 5.15 Experimental and numerical 
weight displacement from FIS_7 model 
 
Figure 5.16 Impact force and impulse by impact time–histories from the experimental and numeri-
cal result of FES_10 model 
 
Figure 5.17 Impact force and impulse by impact time–histories from the experimental and numeri-









































































































































5.4.2 Impact force and impulse by impact 
The impact force and impulse by impact are regarded as very important characters 
to evaluate the accuracy of the numerical simulation. The time histories of those from 
the experiment and simulation are illustrated in Figures 5.16 and 5.17, comparing with 
the initial momentum. In these figures, the left vertical axis expresses the impact force 
values, while the right vertical axis shows the impulse values. The results of FES_10 
model in Figure 5.16 show a good agreement between the experimental and numerical 
curves of the impact force. However, there was a minor gap between two impulse 
curves obtained from the experiment and simulation from 0.2 s onwards. The final 
impulse values from simulation and experiment are about 6 and 9 kN.s higher than the 
initial momentum, respectively, causing the lager rebound as seen in Figure 5.14. Such 
results of FIS_7 model implies a good agreement between experimental and numerical 
impact and impulse time history curves as presented in Figure 5.17. The above impact 
forces also are expressed in the relationship with the weight displacement shown in the 
Figure 5.18 and 5.19. Minor differences between experimental and numerical results 
can be seen. 
 
Figure 5.18 Relationship of impact force and 
weight displacement of FES_10 model 
 
Figure 5.19 Relationship of impact force and 
weight displacement of FIS_7 model 
5.4.3 Deflection of the top of the post 
Figure 5.20 and 5.21 give a comparison between the experimental measured and 














































N. 3) from two fence models. It can be seen the results of FES_10 model have small 
differences in the maximum values and good matches in the periods. In contrast, for 
FIS_7 model, the experimental deflections are quite smaller than those of simulations, 
typically from 0.15s to 0.5 s. After the peaks, the deflections obtained from the experi-
ments decreased linearly to zero. The durations of the deflection are the same. 
 
Figure 5.20 Deflection of the top of the post 
No. 2 and No. 3 of FES_10 model 
 
Figure 5.21 Deflection of the top of the post 
No. 2 and No. 3 of FIS_7 model 
 
5.4.4 Reaction forces 
The reaction forces mobilized at the clamped supports on two middle posts are 
shown in Figures 5.22 and 5.23 with the respect to time. The experimental reaction 
forces were measured by upward load-cell and downward load-cell corresponding to the 
positions of fixed nodes on the feed of the post of numerical model. The tendency of 
results of FES_10 model from the experiment and simulation is almost the same, 
especially durations of reaction forces as shown in Figure 5.22. The maximum values of 
reaction force from the experiment are somehow larger than those values from the 
simulation. Figure 5.23 shows a comparison of reaction forces of experimental and 
numerical FIS_7 models. The numerical results are lightly higher than experimental 

















































Figure 5.22 Reaction force histories of FES_10 model 
 
Figure 5.23 Reaction force histories of FIS_7 model 
5.4.5 Other parameters 
Typical response values for FES_10 and FIS_7 obtained from the experiments and 
simulation are also summarized in Table 4. The maximum values of displacements, 
impact force, impulse by impact, and other response values and their ratios of experi-
mental and numerical values for two cases FES_10 and FIS_7 are shown. In this table, 
the maximal impact force, impulse, displacement of the weight, and time duration are 
abbreviated to Fim(max), Iim(max), Dmax, and Tim, respectively. It can be confirmed that these 
results of simulations show mostly a good match with the results of experiments. 
Particularly, Table 5.4 also presents the absorbing energy ratios (abbreviated to Re), 
determined based on the total energy magnitudes and absorbed energy value, which was 


























































disconnected from the net). The absorbing energy ratios Re obtained from the simulation 
are similar to those obtained from the experiment, especially for FIS_7 model. 
Table 5.4 also enumerates the maximal values of reaction forces and moment at 
every support point of two middle posts. The reaction forces obtained by upward load 
cells and downward load cells on feet of posts No. 2 and No. 3, referred to Figures 5.2 
and 5.3, were abbreviated to Fr_UL2, Fr_UL3, Fr_DL2, Fr_DL3 and the reaction 
moments at upward load cells determined by downward reaction forces and their levers 
were abbreviated to M2, M3. The minor scatters between experimental and numerical 
reaction forces and moments are observed at post No. 3. Those forces and moments at 
post No. 2 show greater scatters. The assumption of boundary condition of the feet of 
the posts in simulation is thought a reason of these differences. Although clamped 
support points at feet of the posts were treated as completely fixed joints in analysis, in 
reality, the compression loads at the support points of the experimental fence were 
fastened moderately. 
Table 5.4 A comparison between numerical and experimental models based on concrete parameters 
Model name FES_10 FIS_7 
Parameter Unit FEM Exp. Exp./FEM FEM Exp. Exp./FEM 
Fim (max) kN 230.04  228.34  0.99  191.06  189.92  0.99  
Iim (max) kN.s 20.43  23.21  1.14  15.40  16.01  1.04  
Pmax m 1.59  1.68  1.06  0.86  0.79  0.92  
Re % 89.35  82.40  0.92  87.68  88.15  1.01  
Reaction 
force 
FR_UL2 kN 236.20  371.42  1.57  110.21  97.99  0.89  
FR_UL3 kN 222.99  277.49  1.24  116.35  96.74  0.83  
FR_DL2 kN 141.06  223.41  1.58  61.11  58.60  0.96  
FR_DL3 kN 129.15  154.58  1.20  66.74  60.38  0.90  
Reaction 
Moment 
M2 kN.m 141.06  223.41  1.58  61.11  58.60  0.96  
 
M3 kN.m 129.15  154.58  1.20  66.74  60.38  0.90  
Tf s 0.24  0.27  1.13  0.28  0.30  1.07  
 
5.4.6 Conclusion for validation step 
Generally, the experimental and numerical results of the displacement response, 
impact force, impulse by impact, absorbing energy ratio, reaction force, and moment for 
two models show a good and consistent agreement. This result confirms that the ability 
of the FEM model has enough ability to reproduce the behavior of full-scale fence with 
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and without sand–pack subjected to impact of drop weight and also provides useful 
possibility as a tool to investigate further effects of sand–pack on impact phenomenon. 
5.5 Investigation into the effects of sand–packs according to the 
increase of drop height 
Instead of assessing the role of sand–pack on the fence models through the models 
validated above, for the sakes of providing a wide view, these numerical models were 
used to investigate a wide range of energy from 20 kJ to 140 kJ. The questions of how 
land slide affects rockfall protection fence and what advantages and disadvantages of 
using sand–pack for the fence are were answered in the content of this section. Seven 
drop heights, varying from 2 to 14 m were conducted for two numerical models of FES 
and FIS by changing the initial velocity v0. 
5.5.1 General impact phenomenon 
The maximum values of the impact force from two models of FES and FIS as 
shown in Figure 5.24 increases almost linearly corresponding to the increasing of drop 
height. Thus, the results of FES model are very slightly larger than those results of FIS 
model. However, both are almost same. On the other hand, as illustrated in Figure 5.25, 
there are some differences concerning the impulses by these impact forces. It is ob-
served that the impulse value from FIS model is clearly smaller than that value from the 
FES model for the same drop height. This indicates that FIS with sand-pack has larger 
impulse buffer ability than FES. 
Figures 5.26 and 5.27 present the relationship between the drop height and the max-
imum values of the reaction force at upward and downward load cells on the posts No. 2 
and 3 obtained from two models. Generally, the reaction forces obtained from the FIS 
model are about 15-30% larger than those from the FES model. However, it is noticea-
ble that the reaction forces as mentioned above involve dynamic and static reaction 
forces, which are not mentioned on the Section 5.4. Clearly, the static reaction forces 
obtained from the FIS model are much higher than those forces from the FES model due 
to the weight of sand–packs. For FIS model, the static reaction forces are 178 kN and 
100 kN at upward and downward load cells respectively, comparing with 23 kN and 13 




Figure 5.24 The relationship between drop 
height  and maximum impact force of FES and 
FIS models 
 
Figure 5.25 The relationship between drop 
height and impulse by impact of FES and FIS 
models 
 
Figure 5.26 The relationship between drop 
height and maximum reaction force of FES 
and FIS models at upward load cells 
 
Figure 5.27 The relationship between drop 
height and maximum reaction force of FES 
and FIS models at downward load cells 
 
5.5.2 Energy dissipation and transmission 
Figure 5.28 shows the ratio of the maximum transferred energy in fence and sand–
packs to initial kinetic energy of falling weight. The absorbing energy ability of fence 
and sand–packs may be more or less due to the characteristics of the used material or 
construct of these components. It can be seen that the proportions of impact energy 
transferred within sand–packs from the FIS model are much greater than those propor-
tions of the fence of both FIS and FES models. Moreover, the transferred energy 
































































































model. Figure 5.29 gives an example of the variations of total energy within the men-
tioned components. It can be seen clearly that the transferred energy values within 
sand–pack component is much higher than those values within other components. 
Particularly, for sand–pack component, the total energy value reached the maximum 
value and remained stably by mean of plastic deformation and displacement of sand–
pack, while the total energy of fence components decreased to zero after getting the 
peaks due to elastic deformation of the fences. 
 
Figure 5.28 Proportion of the maximum total energy transferring through sand-packs of FIS 
model, fence of FIS model and fence of FES models with respect to drop height 
 
Figure 5.29 Variation of energy transferring through sand-packs of FIS_14 model, fence of FIS_14 
model and fence of FES models with 14 m of drop height 
5.5.3 Cable stress distribution 
The fence used in this study has no breaking devices, the wire cable could be bro-


















































were directly struck by the weight, are most affected. Therefore, Figures 5.30 and 5.31 
present the maximum tensile stresses of the cables obtained by numerical analysis in the 
FES and FIS models respectively, mobilized at the net cables (involving the Cable_A 
and Cable_B), border cables, and diagonal cables. With reference to Figure 5.30, the 
maximum tensile stress of Cable_B is three times greater than that in the border cable. 
The differences of the maximum tensile stresses between two Cable_A and B indicate 
the asymmetry of the nets of the fence. The maximum tensile stress in the Cable_B is 
greater than that in the Cable_A. Regarding cable stresses obtained from the FIS model, 
Figure 5.31 shows that the tensile stresses in the net cable and border cable are almost 
the same, and they are smaller than the stress in the diagonal cable. 
 
Figure 5.30 The relationship between maxi-
mum tensile stress of cable and drop height 
from FES model 
 
Figure 5.31 The relationship between maxi-
mum tensile stress of cable and drop height 
from FIS model 
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Figure 5.33 Histories of impact force and impulse of FIS_7 and FIS_7_C models 
 
Figure 5.34 Histories of penetration depth of 
the weight of FIS_7 and FIS_7_C models 
 
 
Figure 5.35 The relationship between impact 
force and penetration depth of the weight of 
FIS_7 and FIS_7_C models 
5.6 Application 
5.6.1 Effects of collision point on sand–pack 
In the numerical model of FIS_7 used for validation step, the sand–packs on the 
mid span were arranged so that the weigh collided at the sides of two neighbor sand–
packs. In order to investigate the effects of position impact on the sand–pack, the sand–
packs on the mid span of FIS_7 model were, therefore, rearranged to create the new 
model as shown in Figure 5.32, so called FIS_7_C. In this model, the weight was dropt 
at the center of one sand–pack from the height of 7 m. Results of this model were 






























































































5.36. Obviously, the histories of impulse by impact, displacement of the weight, and 
reaction force obtained from FIS_7 and FIS_7_C model are almost similar, however, 
small scatters can be seen in the results of impulse and displacement. Typically, the 
maximum value of impact force of FIS_7_C model is about 80 kN higher than that 
value of FIS_7 model, although the histories curves of these forces have the same 
tendencies. The differences in displacement and impact force are also presented in the 
relationship of impact force and displacement of the weight as shown in Figure 5.35. 
 
Figure 5.36 Histories of reaction force of FIS_7 and FIS_7_C models 
 
Figure 5.37 Histories of impact force and impulse by impact of FIS_7_D and FIS_7 models 
5.6.2 Effect of diagonal cables 
The differences in construct between FIS model and FES model are not only sand–
packs, but also diagonal cables added under the cable nets to avoid concentrated mass of 
sand–packs. To investigate the role of the diagonal cables as well as the effects them-










































































cables in the FIS_7 model. The results of impact force, impulse by impact, penetration, 
reaction force, and tensile stress of net cable of FIS_7_D model are taken into a compar-
ison with those results of FIS_7 model as shown in Figures 5.37–5.41. Figure 5.37 
shows small difference of the maximum value of impact force and impact duration 
between two models, resulting to small scatter between final impulse of FIS_7_D and 
FIS_7 models. The final penetration depth of FIS_7_D model is larger than that ob-
tained from FIS_7 model as shown in Figure 5.38. These differences can be also seen in 
the relationship of impact force and penetration depth of the weight as shown in Figure 
5.39. Diagonal cables seem to be not affected much to reaction force, then the reaction 
force histories obtained from two models are almost the same. Typically, diagonal 
cables strongly affected to tensile stresses of net cable, for instance, the maximum cable 
stresses in Cable_A and B of FIS_7_D model without diagonal cables are twice larger 
than those stresses of FIS_7 model with supports of diagonal cables as presented in 
Figure 5.40. 
 
Figure 5.38 Histories of penetration depth of 
the weight of FIS_7_D and FIS_7 models 
 
 
Figure 5.39 The relationship between impact 
force and penetration depth of the weight of 




















































Figure 5.40 Histories of reaction force of FIS_7_D and FIS_7 models 
 
Figure 5.41 Histories of tensile stresses in net cable of FIS_7_D and FIS_7 models 
5.6.3 Effect of impact direction 
Guido Gottardi (2010) noticed that vertical drop test system absorbs up to 15% 
more energy due to the actual position of the deepest state of the block comparing with 
those from horizontal test. Based on this ideal, this study proposed to investigate and 
make a comparison between impact phenomenon results obtained from simulations with 
two directions of impact. For the vertical impact, FES_10 model was used. The gravity 
acceleration, therefore, applied for weight and fence is co-axial with movement direc-
tion of weight. The horizontal collision, denoted as FES_10_H, which was modified 
from FES_10 model by changing the direction of gravitation and weight movement. For 
this case, the acceleration due to gravity caused initial displacement mostly on cable net, 
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Figure 5.42 Impact and impulse by impact force histories obtained from FES_10 and FES_10_H 
 
Figure 5.43 The relationship of impact force and displacement from FES_10 and FES_10_H 
The calculation results as shown in Figure 5.42 indicate impact force from horizon-
tal impact has a time lag of about 0.04s comparing to that from vertical impact. In 
addition, the maximum values of impact force and final impact impulse from horizontal 
collision are 10% and 15% lower than those values from vertical collision, respectively. 
Figure 5.43 illustrates the relationship of displacement and impact force. The maximum 
value of impact force from vertical collision is larger, whereas the final displacement 











































































total displacement from horizontal impact includes initial vertical displacement, which 
was transferred from vertical direction to horizontal direction at the beginning of impact 
process. This feature caused the time lag of the impact force histories between two cases 
as shown in Figure 5.41. 
5.7 Discussion and conclusion 
After validating the numerical models, these models were taken into account for a 
further investigation. The results of numerical models were analyzed carefully. There-
fore, many features of impact response of the fence with and without sand–packs should 
be discussed more deeply. The asymmetric of the fence and cable net can be seen in the 
results of reaction forces, post deflections, and cable stresses, as illustrated in Figures 
5.20, 5.22, 5.26, 5.27, 5.30 and 5.41 and as well as Table 5.5. The weave used for cable 
net as described in outline of experiment could be a possible reason for this asymmetry. 
The asymmetry of net and post ably results greater stress in one component of the 
structure than in the others, stresses in Cable_A are much larger than stresses in Ca-
ble_B in FES model, for instance. This characteristic may limit the capacity of the 
fence. 
The significant effects of sand–packs on rockfall protection fence can be seen clear-
ly, mostly because of the high ability of energy absorption of sand to induce larger 
plastic deformation and displacement and the role of sand–packs to redistribute impact 
force on the surface of net. 
The asymmetry of deflection and reaction force histories of FIS_7 model obtained 
from the experiment as shown in Figures 5.21 and 5.23 properly caused by the failure of 
the posts at clamped supports after several repeating impact observed during the test. 
Therefore, although there are the remained differences between the above-mentioned 
results of experiment and simulation, FIS model in this study is potential to further 
practical application. 
In this study, many numerical models of rockfall protection fence with and without 
sand–packs simulated by FEM have been done successfully. The validated models have 
been, then, applied for deeper investigation to reach insight into structural response. 
According to the numerical result analysis and discussion, the content of the study are 
concluded as follows. 
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1. Generally, sand–packs covered on the fence have strong effects on impact char-
acteristics of rockfall protection fence, such as impact force, impulse by impact, 
displacement, reaction force and cable stress. 
2. The arrangement of sand–packs as well as diagonal cables under the net play an 
important role in dynamic response of the fence. 
3. The results of vertical and horizontal impact models are precisely different, 
however, for safety side consideration, vertical impact test is acceptable choice 
for experiment. 
4. Among the above effects of sand–packs, high ability to absorb impact energy 
and redistribute impact force could be utilized for cushioning layer of the fence. 
5. The promising results of numerical model using FEM code of LS-DYNA pro-
vide a possibility of application of FEM approach for flexible cable fence 
combining with granular material of sand–packs. 
6. Failure of structure or the effects of size and shape of the weight, which were 
neglected in this study are the remained limitations. 
7. Further investigation into the response of the fence combining with sand–packs 
as well as proposal of new fence type using sand–packs cushioning layer are 
going to conduct in the near future. 
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 Conclusion Chapter 6 
 
Today, sand has been used effectively and popularly in many countries for many 
types of structures against rockfall hazards. To design a protective structure with the 
ideal of performance-based design, it is necessary to evaluate the limitation capacity of 
structure as well as get insight into structural response. Experimental approach in 
cooperation with numerical simulation has been assumed the most economic and 
promising method. Basing on these points of view, this research generally focuses on 
the performance of sand cushioning layer in rockfall protection structures. Sand is either 
filled in the tank to reproduce a direct use of sand on the rockfall galleries or to be 
contained in the container (case or bag) to make a sand-cell on the surface of walls or 
fences. The first sub-research, as shown in Chapter 3, uses FE method to create the 
numerical model of sand as well as to apply this model for further investigation. With 
the aims of testing the reactions of sand cushioning layer on steel rockfall galleries, the 
second sub-research of Chapter 4 concerns series of impact experiment on sand tank 
over steel H-beams. Chapter 5 in this study shows the content of the third sub-research, 
dealing with simulation of the dynamic reaction of flexible rockfall fence with and 
without covered sand–packs by using FE approach. The validated models of the fences, 
then, are gone through many applicable investigations. The results achieved in the 
present study are summarized as follows. 
1. Risks of rock fall as well as other natural hazards have uncertainty of probabil-
ity of occurrence and its scale. The grasp of updated obvious risk at the site is 
necessary. It is considered that research on improving the capacity of rockfall 
protection structure basing on the better knowledge of structural insight behav-
ior is importance and necessary to secure required safety for expected risk. 
2. This research is successful to model the impacts on sand tank and sand–cell act-
ing as a component of rockfall walls or galleries by using FEM code of LS-
DYNA. The results of parametric study using this numerical model indicate that 
geometrical parameters of sand such as the shear modulus G, bulk modulus K, 
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angle of internal friction φ, and relationship of pressure versus volumetric strain 
are very important for numerical model of sand. Boundary conditions surround-
ing sand–cell strongly affect impact characteristics, e.g. impact force, 
transmitted force, weight displacement, and impulse by impact. 
3. The experimental study on sand tank over steel H-beams indicates that the en-
ergy absorbing effective of gravel cushion is higher than that of sand cushion. 
On the other hand, the transmitted force (Pt) at the bottom of sand tank and two 
equivalent forces (Ps, Pd) are evidently affected by the length of beam span L. 
The relationships between the dynamic multiplication factor (DMF) and energy 
transfer rate (ETR) and ratio of Ta/T are clearly approximated by exponential 
functions. 
4. The results of numerical study on fence with and without sand–packs clearly 
show the effects of sand–packs on structural impact response, e.g. displace-
ments, impact forces, impulses by impact, reaction forces, cable stresses, and 
deflections of the posts.  
5. The sand–packs may not reduce much the impact forces, but evidently redis-
tribute impact force on cable net and reduce tensile stresses of net cables. In 
other words, the role of sand–packs in this study is also the same as cushioning 
layer of rockfall walls and galleries rather than braking devices of the normal 
flexible fence.  
6. Arrangement of sand–packs and diagonal cables under the net are also affected 
to structure response, especially impact forces, impulses by impact and dis-
placements of the weight and fence. 
7. The recent researches on rockfall protection structures have obtained remarka-
ble achievements so far, however, there have been some remained limitations, 
needed to advance e.g. low impact energy range, small grain size range, short 
and small size of steel beams as well as single size and shape of the weight. 
Among these limitations, dynamic behavior of discrete material of sand cushion 
dealing with above-mentioned characteristics should be revealed more. 
 
For the future work, the author will step by step solve the above-mentioned limita-
tion by mean of other parametric and geometric studies and advancing numerical 
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material model so that enable to reproduce the failure of structures. Basing on 
achieved numerical models and experimental practical equations, some applications 
or prototype fences will be proposed and analyzed. 
 
